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PREFACE
These proceedings for the symposium on "Environmental Aspects of
Fuel Conversion Technology" constitute the final report submitted to
the Industrial Environmental Research Laboratory, U.S. Environmental Protection Agency (IERL-EPA), Research Triangle Park, N.C.
The symposium was held at the Diplomat Hotel, Hollywood, Florida,
April 17-20, 1979.
This symposium acted as a colloquium for discussion of environmentally
related information on coal gasification and liquefaction. The program
included sessions on program approach, environmental assessment, and
control technology development. Process developers, process users,
research scientists, and State and Federal government officials participated in this symposium, the fourth to be conducted by IERL-RTP
on the subject since 1974.
Mr. T. Kelly Janes, Chief, Fuel Process Branch, EPA-IERL, Research
Triangle Park, N.C., was the Project Officer. Mr. William J. Rhodes, Program Manager, Synthetic Fuels, Fuel Process Branch, EPA-IERLRTP, was the General Chairman of the symposium. Dr. N. Dean Smith,
Project Officer, Fuel Process Branch, EPA-IERL-RTP, was the Technical Chairman.
Mr. Franklin A. Ayer, Manager, Technology and Resource Management
Department, and Mr. N. Stuart Jones, Analyst, Technology and Resource Management Department, Center for Technology Applications,
Research Triangle Institute, Research Triangle Park, N.C., were symposium .coordinators and compilers of the proceedings.
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KEYNOTE ADDRESS
Steven Reznek
Office of Energy, Minerals, and Industry,
U.S. Environmental Protection Agency, Washington, D.C.

fleeted in massive capital investments in distribution systems and equipment utilizing these
fuels. During this time the amount of coal used
has been comparatively static, undergoing a
slight decline and then recovering to the point
that 1977 use was slightly above 1950 use. However, as can be seen, coal consumption is expected to more than double by 1990. The historical and anticipated distribution in the use of this
coal is illustrated in Table 2.
Included in the industrial/nonenergy category for 1990 is an estimated 75 million tons of
coal per year, totaling 5 percent of expected
U.S. production for use in synthetic fuels
production. It is conceivable that this estimate
may be too conservative. In 1977 imports accounted for about 45 percent of the 19.1-million
bbl/d used. The projected figures for 1990 indicate that imports will account for 51 percent
of some 22 million bbl/d consumed in the United
States. In 1978, oil imports dramatically escalated the U.S. trade deficit to over $28 billion.
The economic burden of imports will escalate
still further. Compared to 1940, per capita
(worldwide) energy consumption will double by
1980, increasing demand- and therefore
prices - in the oil market. These economic
forces, plus the impacts of geopolitical events
(witness the oil embargo of 1973, the recent
interruption of oil production in Iran and the
present fuel shortage) will certainly accelerate
the technological development and commercialization of synthetic fuels from coal.
The U.S. Department of Energy (DOE) bas
recognized the need to develop a viable synthetic fuels industry and has formulated plans to
spur commercialization. As with most Federal
agencies, however, budgetary limitations have
been imposed, which have pared DOE commercialization support down to a small fraction of
the recommended amounts. At the same time,
the private sector has been reluctant to risk
equity capital investment to attract a sufficient
amount of debt capital needed to finance synthetic fuels plant construction. This is par-

Welcome to the fourth edition of our symposia on the environmental aspects of fuel conversion technology. On behalf of the U.S. Environmental Protection Agency (EPA) I wish to
thank you for attending and participating in our
discussions. The outside observer comparing
the agenda for edition 4 to those for editions 1,
2, and 8 might have a sense of deja vu because
we continue to use many of the same topical
headings from session to session. However,
those of you who have persisted in the research
areas that comprise our program of environmental assessment of synthetic fuels technologies recognize that we are dealing with a network of technical, economic, institutional, and
environmental issues analogous to a kaleidoscope. Every time something shakes the system
or every time a different vantage point is used,
new features surface.
Upon surveying the progress that has been
made since the first symposium in St. Louis 5
years ago, I was reminded of the words of a song
made popular by Ray McKinley many years ago:
"You've come a long way from St. Louie, baby,
but you still have a long way to go." In keeping
with that theme, I would like to review briefly
where we have been, where we are now, and
then give you my opinion of what our path must
be over the next few years if we are to meet our
obligation to guide the development of synthetic fuels technologies in an environmentally
sound manner.
The first symposium in May 1974 came shortly after the oil embargo. The intervening 5
years have presented us with a natural gas
shortage and a coal strike. The price of our fossil
fuels has steadily climbed, pressed by the
steady escalation in the price of our imported
oil. The most recent OPEC oil price increases
continue this dismal trend. Yet we persist in our
high per capita consumption of energy because
our economy is based on it.
The trend in U.S. energy consumption over
the past 30 years is illustrated in Table 1. The
growth in the use of oil and natural gas is re1

TABLE 1. PATTERN OF U.S. ENERGY CONSUMPTION 1950-1990

Source
Hydro, nuclear
Ory, natural gas
Petroleum liquids
Coal
Total, quads (10 15 Btu)
Average growth rate (%)

Consumption in Quads (101s Btu) by Year
1950*
1960*
1970*
1990t
1977*
1.43
6.15
13.5
12.9
34.0
2.75

1. 6

12.7
20.1
10.2
44.6
4.17

2.9

5.1
14.6
22.0
19.6
19.1
29.5
37.l
48.2
12.7
14.1
30.3
67.1
75.9
112.2
1. 78
3.05

*Data from U.S. Bureau of Mines cited in: H. R. Linden et al. Perspectives on U.S. and World Energy Problems. Institute of Gas Technology
February 1979.
toata from Exxon Company, U.S.A. Energy Outlook 1978-1990. May 1978.

TABLE 2. DISTRIBUTION OF U.S. COAL DEMAND 1960-1990

Sector
Electric utility
Industrial/nonenergy
Residential/commercial
Total quads

Consumption in Quads (1Q15 Btu) by Year*
1990
1977
1960
4.45
4.65
1.1
10.2

10.2

3.7
0.2
14.1

22.6
7.7
30.3

*Data from Exxon Company, U.S. Energy Outlook 1978-1990.
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May 1978.

ticularly true for liquefaction and high-Btu
gasification plants, which typically require well
over billion-dollar investments.
Although this may appear to be a classic confrontation between an irresistable force (of accelerating energy demand) and an immovable
object (of investor reluctance), I believe the barrier will quickly crumble when the price of liquid and gaseous fuels from coal becomes competitive with petroleum liquids and natural gas.
Then there will be a rush to build synthetic
fuels plants.
If EPA is to do its job correctly, the Agency
must be prepared with environmental protection guidelines and regulations before or at
least coincident with the rush. Otherwise, we
face the charge of causing delays and thereby
jeopardizing the nation's energy supplies and,
consequently, the nation's economic well-being;
or we face the charge of underestimating the
environmental impacts, thus jeopardizing the
nation's environmental well-being. I, for one,
don't wish either tag. Let me bring you up to
date in our efforts to ensure that we will be
prepared. Initially, we reviewed what was already known about the processes for producing
synthetic fuels from coal, the types of pollutants
emanating from these processes, and the techniques that were available for controlling the release of pollutants. These control methods were
evaluated in terms of their adequacy under the
air and water standards extant circa 1974. One
conclusion drawn was that the amount of existing data available were inadequate and that
the reliability of this data were questionable.
EPA began to remedy this situation by funding
field studies - environmental assessments, we
called them-on low- and medium-Btu gasifiers,
high-Btu gasifiers, and liquefaction systems. We
also researched various methods to control
pollutants in product and byproduct streams,
waste streams, and fugitive emissions.
As work progressed, it became obvious that
environmental assessment involved more than
pollutant quantification and control methods
evaluation. Removal efficiency for Pollutant X
might be, say, 98 percent; but was that good
enough? The only way to know was to quantify,
or at least estimate the acceptable concentration level of Pollutant X in the environment for
which the risk of hazard was very small. The
necessity to establish goals against which to
measure the effectiveness of control methods

led to the development of what we call multimedia environmental goals (MEGs). These were
initially developed for a limited number of
chemical species, but as the scope of EP A's mandated responsibilities has grown through the
Toxic Control Substances Act, the Priority Pollutant List, and similar addenda, the list of MEG
species has expanded to keep pace.
A companion development to MEGs were the
source analysis models, or SAMs. SAMs were
based on the use of simplified assumptions
about pollutant transport and transformation in
the environment in order to provide a rapid,
standardized method of estimating pollutant
loadings, which are then compared to MEG
values.
As this framework for effects estimation has
been developed, we have also refined our measurement data base through more comprehensive and more precise measurements. Additional chemical species have been identified and
assayed, sampling and analysis techniques have
been refined, data quality control procedures
have been employed, and biological methods
have been added to our evaluation arsenal.
Over the next 4 days you will share with each
other the details of your individual contributions since our last meeting. As you listen, I
believe that you will agree with me that, indeed,
we have come a long way from St. Louis. The
next question is: Where do we go from here?
We believe we have laid a solid foundation of
research to scope the environmental problems
associated with developing a synthetic fuels industry. Now, our thrust is to integrate this information into a format that will make it directly useable to guide plant designers, plant operators, EPA regulatory offices, EPA enforcement offices, and the State counterparts to
these EPA offices.
Presently, we are planning two major vehicles for presenting this information. These are
two report series that we term environmental
guidance documents (EGDs) and environmental
assessment reports (EARs). A given EGD will
summarize for a given technology- for example, low-Btu gasification-what is known about
the environmental effects from pollutants that
have been identified for the various systems encompassed within the energy technology. It will
survey the techniques available to control these
pollutants and give suggested pollutant discharge limits. In addition, it will project the
3

future development of effluent, emission, and
solid waste disposal standards.
In projecting future standards, it is obvious
that we will need the active involvement of the
EPA program and enforcement offices. Even
though these offices are heavily committed to a
multitude of other currently more pressing
problems, they have responded quite well to our
overtures for a coordinated approach on synfuels.
The second report series, EARs, will focus on
specific systems, such as the Lurgi system for
low- and medium-Btu gasification. Technical,
economic, and environmental effects information will be assembled to present process descriptions; characterization of input materials,
products, and waste streams, performance, and
costs for various control alternatives; analysis
of environmental regulatory requirements; and,

finally, a projection of environmental impacts.
Lest I appear overly optimistic as I contemplate the prospect of producing a series of
"best sellers,'' I remind myself and you that we
still have a long way to go. Budgetary limitations and shifting priorities, both internal to and
external to EPA, will provide the usual hurdles
to program continuity and intensity. But even if
we manage to avoid these bureaucratic problems, we still face substantive problems in
collecting, refining, validating, and analyzing
data to provide a solid quantitative basis for our
conclusions and recommendations. I hope these
recommendations will achieve a balance of technology and economy to provide environmental
protection as the synfuels industry expands.
We look forward to working with you to meet
this challenge. Thank you for your support.
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Session I: GENERAL APPROACH
T. Kelly Janes, Chairman
Industrial Environmental Research Laboratory,
U. S. Environmental Protection Agency
Research Triangle Park, North Carolina

5

MULTIMEDIA ENVIRONMENTAL GOALS
Garrie L. Kingsbury• and James B. White
Research Triangle Institute, Research Triangle Park, North Carolina

from process upsets must be anticipated. Clearly, compliance with present environmental
standards will not be sufficient to safeguard
public health and welfare because many conversion-related pollutants are not currently addressed by Federal guidelines. Consideration
must be given to impacts from all chemical
species that might be discharged. _
To provide for comprehensive environmental
assessments, the Industrial Environmental
Research Laboratory at Research Triangle
Park (IERL-RTP) is developing a procedure to
facilitate quantitative evaluation and comparison of streams and processes with respect
to their potential environmental impacts. The
methodology prescribes a systematic approach
to interpreting data obtained in environmental
assessment projects. The need for multimedia
environmental goals (MEGs) arises in this context. To fully characterize waste streams for environmental assessment, pollutant levels must
be related to their environmental effects. The
development of MEGs is a first attempt at a procedural approach to evaluate and rank a large
number of pollutants for the purpose of en·
vironmental assessment.

Abstract
A key element in the Industrial Environmen·
tal Research Laboratory's (!ERL) environmen·
tal assessment methodology is the development
of multimedia environmental goals (MEGs).
MEGs addressed here are desirable control
levels of chemical substances in discharges 'to
the environment. The purpose of MEGs development, the strategy used in deriving MEG
values, and the format established for their
presentation are discussed briefly. Several
aspects of MEGs for polycyclic organic com·
pounds are discussed.

INTRODUCTION
It is widely recognized that coal conversion is
accompanied by the formation of a myriad of
chemical substances and that, in large-scale
operations, these chemicals may be released to
the environment. It is the responsibility of the
U.S. Environmental Protection Agency (EPA)
to ensure that when commercial conversion
processes become operational in the United
States, they will reflect optimum strategies for
environmental control.
Conservative estimates suggest that by the
year 2000, more than 3.3 M bbl/d oil equivalent
will be supplied by synthetic fuels from coal. In
addition, as much as 38 million tons of coal may
be gasified for ammonia synthesis. 1 The dimension, complexity, and severity of potential
environmental impacts of the conversion industry require that a holistic environmental approach be adopted if problems are to be prevented. Potential effects on workers and on the
surrounding human populations and ecosystems
will be influenced by the quantity and composition of environmental discharges. Releases to
air and water, as well as solid wastes disposed
to land, must be considered. In addition to the
acute effects, chronic effects from low-level exposures must be evaluated. Problems resulting

DEVELOPMENT OF MEGs
Multimedia environmental goals are defined
as levels of contaminants or degradents (in ambient air, water, or land or in emissions or effluents conveyed to ambient media) that will not
produce negative effects in the surrounding
populations or ecosystems, or that represent
control limits demonstrated to be achievable
through technology. Emphasis thus far in the
MEGs development has centered around specifying three types of goals-levels desirable in
ambient media, levels existing in ambient media
(natural background), and levels believed safe
for exposure of limited duration.
There are several practical considerations in
the development of environmental goals:
• A method is needed to classify pollutants for
comprehensive coverage without having to

"'Speaker.
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TABLE 1. TYPES OF INFORMATION SUPPLIED IN BACKGROUND
INFORMATION SUMMARIES
Specific Data Supplied

Infonnation Type
Identifying Infonnetion

Category; subcategory; identification number; preferred chemical name; subspecies; fonnul a; synonyms; description; WLN
Atomic number; periodic group; atomic weight;
molecular weight; melting point; freezing point;
bolling point; density; vapor density; vapor pressure; solubility in water; solubility in liquid;
octanol partition coefficient; pKa; pKb
Chemical characteristics; compound associations;
mineral associations; formation; characteristic
chemical reactions; biodegradability; persistence in atmosphere; metabolites· precursors
Rural; urban; ·Industrial air cone (llg/m°'); odor
threshold
Level identified in drinking water, surface
water, ground water, seawater, or estuarine
( µg/ t)
Typical level in soil (µg/g); occurrence in
marine sediments, or earth's crust; association
with coal or petroleum
Occurrence in food, body, aquatic organisms,
and vegetation; dietary intake/nutrient value;
total intake; uses, production, etc.; sources
Compounds likely to be toxicologically similar;
acute human effects; chronic human effects; relative toxicity of assoc. CPOS; bioaccumulation;
biological half-life, reported no-effect dosages;
synergisms/antagonisms; absorption routes
Acute effects; chronic effects; no-effect levels;
LD 50 or lowest lethal dose (mg/kg, oral rat data
prefe§red); lowest lethal concentration or LCso
(mg/m 3j; lowest toxic concentration reported
(mg/m
'
Evidence of carcinogenicity or teratogenicity
(assoc. cpds. considered); evidence of noncarcinogenicity; EPA/NIOSH ordering number (based on oncogenicity or teratogenicity); lowest dosage producing oncogenic or teratogenic response (mg/kg);
adjusted ordering number {based on oncogenicity or
teratogenicity); evidence of mutagenicity; results
of Ames' Test
TLM-96 (ppm); sublethal effects; bioaccumulation
potential; fish tainting level (PPM); fish tainting,
qualitative information
Effects of vegetation (air (119/m~], irrigation,
nutrient solutions, soil)
Primary and Secondary Ambient Air Quality Standards; National Emission Standards for Hazardous
Air Pollutants; TLV (established by ACGIH); ACGIH
designation as simple asphixiant or carcinogen;
subject of NlOSH criteria document or hazard
review document; OSHA designation as cancer suspect agent; NIOSH recommendation; drinking water
standards or criteria; water quality criteria for
protection of aquatic life, protection of livestock, or irrigation; Toxic Pollutant Effluent
Limitations; RecOlllll9ndations of U.S. Dept. of Agriculture and Land-grant Institutions; FDA declaretions; included in National Cancer Institute list
of carcinogens to man; included in EPA Consent
Decree List; Chemical Industry Institute of Toxicology recognition

Properties

Characteristics, Associated Compounds

Occurrence in Air
Occurrence in Water
Occurrence in Land
Other Occurrences
Human Toxicity Data

Animal Toxicity Data

Information Relative to Genotoxic Potential
(Oncogenicity, Teratogenicity, Hutagenicity)

Aquatic Toxicity
Phytotoxici ty
Standards, Criteria, Reconmendations, Recognition

I'
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consider individually millions of compounds.
• A procedure is needed to quantify relative
toxicity of classes of compounds as well as
individual compounds. This procedure would
allow a "most-toxic-first" ordering approach
logically derived from a step-by-step evaluation and linkage between chemical and bioassay characterization.
• Existing standards and guidelines should be
incorporated.
• Overall format for presentation of goals
should allow direct comparison of existing
and projected "best techology" controlled
emission levels with emission goals having
environmental significance.
• A uniform approach in applying existing
health and ecological effects data is needed
as well as a means for directly delineating
health/ecological effects data gaps.
The primary objective in compiling MEGs is
to provide an index that will allow quantitative
comparison and evaluation of the hazard associated with a large number of chemical substances. The MEGs project began with the compilation of a list of chemical contaminants associated with fossil fuel processes. The more
than 600 chemicals on the list were organized into categories that effectively grouped chemically and toxicologically similar substances. (Identification numbers for specific compounds were
subsequently assigned on the basis of the category organization.) In the next step of the MEGs
development, existing Federal regulations and
guidelines applicable to chemical substances
were assembled. Other types and sources of
available information relevant to environmental
goals were also identified. Finally, a suitable
presentation format, the MEG chart, was
adopted, and a 1-page information summary was
prepared to accompany and support the numerical goals for each chemical. Types of information provided in the summaries are listed in
Table 1.

diverse pollutants. One common denominator
selected for this purpose in the MEGs methodology is a conservative threshold (no effect)
level.
The concept of threshold is based on the
premise that there exists for every chemical
substance some definable concentration below
which that substance will not produce a toxic
response. Threshold level is illustrated in
Figure 1. It is defined on a dose vs. response
plot as the intersection of a dose-response curve
with the ordinate. Unfortunately, the human
threshold has been determined (with confidence) for very few pollutants (e.g., lead).

,/'

/

/

THRESHOLD_,,/
/

,,,"'~ZERO THRESHOLD
//
POLLUTANT

/

0

,,,"'
RESPONSE

Figure 1 . Illustration of chemical pollutant
threshold level.

In the absence of data necessary to obtain
precise threshold levels from dose-response
curves, alternative methods for projecting
"safe" levels for chemical pollutants have been
proposed. Conservative no-effect levels (below
threshold concentrations) may be predicted
from mathematical models. Continuous exposure to these predicted levels may be considered "safe" by some factor more than or
equal to 1.

Quantitative Comparison of
Pollutants

In order to establish goals, it is necessary to
define equivalent or normalized concentrations
of individual chemical species in multimedia; i.e.,
air, water, or soil (or solid waste). These equivalent levels are needed to serve as reference
values and thus provide a basis for comparing

Estimated Permissible ConcentrationsPredicted, continuous-exposure, no-effect
levels constitute one set of MEGs called estimated permissible concentrations (EPCs). EPCs
for air, water, and soil are derived through sim9

lution factors are not used with MATEs, so
these values represent very conservative emission goals.
Natural background levels constitute a third
set of MEGs applicable to discharge streams.
Used with a dilution factor, these levels may be
applied as ultraconservative emission level
goals. For some chemicals, levels detected in
ambient media are reported, but toxicity data
are unavailable. This set of goals may serve as
guidelines in the absence of environmentally
significant MEG values.

ple mathematical models that relate available
information (such as threshold limit values
[TL Vs® ] for workroom air 2 or animal toxicity
data) to a conservative continuous-exposure, noeffects level. Separate EPCs are specified on
the basis of human health effects or ecological
effects.
The objective in formulating a method for deriving EPCs was to establish a hierarchy of
models that would permit the calculation of
EPCs for a large number of compounds on the
basis of information available. In the absence of
the preferred types of data (i.e., levels associated with observed effects on man), models
allowing estimation of EPCs on the basis of
minimal data were needed. Models adopted to
derive EPCs for air and water were selected
from models previously suggested in the literature. The 1976 report, Estimated Permissible
Concentrations of Pollutants for Continuous
Exposure by Handy and Schindler, 3 was used
extensively as a source for these models. In addition, a simple method was developed to relate
water and soil EPCs. The systems of models
used in specifying EPC values for human health
and for ecology are outlined in Table 2.
Calculated EPCs together with the existing
Federal guidelines applicable to specific chemicals comprise the class of MEG values called
ambient level goals. Another class of MEG
values, emission level goals, is discussed below.

Zero Threshold Pollutants

The number of compounds classified as suspected carcinogens grows larger every year.
The 1977 Registry of Toxic Effects of Chemical
Substances• lists 2,091 substances as "Suspected Carcinogens": i.e., reported to cause
tumors in some animal species.
Many researchers in the field of oncology believe that the concept of threshold levels, as
previously discussed in this paper, does not apply to carcinogenic, teratogenic, or mutagenic
pollutants. Historically, these compounds have
been referred to as "zero threshold" chemicals
to indicate that a nonzero threshold level could
not be specified. The theoretical dose-response
curves for such compounds intersect the origin
as indicated by the dotted line in Figure 1. The
"zero threshold" approach implies that exposure to a carcinogen at any concentration,
even for a brief interval, can be expected to increase the risk of a tumorigenic effect. This
philosophy precludes specifying EPCs for any
chemical reported to be carcinogenic or teratogenic. It also precludes setting priorities among
zero threshold pollutants except in terms of
associated risk.
Although EPA has recently adopted an approach to assess health risks from environmental carcinogens,5 relatively few such assessments are expected to be completed in the near
future. (Studies on cadmium and POM were
drafted in 1978 in response to the Clean Air Act
Amendments of 1977,6 7 and analyses for
suspected carcinogens listed in the Consent Decree have recently been published in the Federal Register. 8 ) However, limited resources require that risk assessment analyses be conducted on a priority basis.
Clearly, an alternative to risk assessment is

Emission Level Goals-

Emission level goals describe maximum concentrations of chemicals in waste streams discharged to the environment. Emission goals for
chemicals may be derived from EPCs through
application of a dilution factor. Dilution factors
applied to EPCs represent the ratio of emission
concentration to consequential ambient concentrations and must be source-specific. The resulting emission goals reflect acceptable chemical loadings in ambient media.
Alternatively, a second set of MEG values
called minimum acute toxicity effluents
(MA TEs) may be used as emission level goals.
These values describe concentrations believed
safe for short-term exposure (acute exposure).
EPCs and MATEs differ in exposure duration.
MA TEs are derived through a procedure similar to the method for calculating EPCs. EPC
values for a given chemical are always lower
than corresponding MATE values. However, di10

TABLE 2. MODELS USED IN THE DERIVATION OF
ESTIMATED PERMISSIBLE CONCENTRATIONS (EPCs)
BASED ON HEALTH AND/OR ECOLOGICAL EFFECTS
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oven effluents, and various combustion products. No specific polycyclic compounds are included in the list.11
As early as 1947, the latent period associated
with occupational exposure to oils, pitch, and
tar products was documented. Figure 2, adapted
from a paper by S. A. Henry appearing in the
British Medical, Bulletin, indicates the time
elapsing from onset of employment to manifestation of neoplasia in two groups of workers. 12
The activity associated with all these mixtures
is probably attributable to certain polycyclics,
but without better information on the chemical
composition of the substances, the information
remains unusable for assessment.
Presently, the best qualitative evaluations of
carcinogenic risk for chemicals are supplied in
the monographs prepared by the International
Agency for Research on Cancer (IARC). This
agency is part of the World Health Organization

needed if priorities are to be established among
suspected carcinogens in the near term. Also a
straightforward method for comparing sus·
pected carcinogens with noncarcinogens must
be adopted to evaluate environmental control
strategies. The dictum that "every effort should
be made to reduce environmental contamina·
tion by carcinogens to the lowest possible level"
is not specific enough to be useful in inter·
preting data for comprehensive environmental
assessments. Specifying MEGs for suspected
carcinogens is one alternative to risk assessment that can supply the suspected carcinogen
rankings needed now for decisionmaking by
IERL.
In fact, not all researchers in oncology agree
with the zero threshold concept. Cornfield9 concluded, on the .basis of statistical analysis of the
dose-response relationship, that "the existence
of a no-effect or threshold level for the carcinogenic compound administered is not precluded." Dinman has presented evidence to suggest that a finite number of molecules are required within a cell before a carcinogenic
response can be triggered. 10
In reality, there may or may not be a nonzero
"safe" level for carcinogens. At any rate, there
are MEG values for some carcinogens called
(with some misgiving) EPCs and MATEs. To
preface the discussion of EPCs for zero thres·
hold pollutants, some general remarks on car·
cinogens and the nature of the data available
from carcinogen testing are presented.
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Information on Carcinogens
Relevant to MEGs-

Epidemiological data provide the most reli·
able indication of carcinogenic risk to human
health, but these data are sparse and difficult to
evaluate. Precise human exposure levels result·
ing in cancer are almost never known. Most of
the available human effects data refer to
chemical mixtures rather than to specific chemical compounds. For example, occupational cancer associated with coal and petroleum products
has long been recognized, but the specific
chemicals responsible are not positively identified. Mixtures rather than specifics remain indicted. A February 1978 National Cancer Institute listing names the following among the compounds observed to cause cancer in man: soots,
tars, pitches, asphalts, cutting oils, shale oils,
creosote oils, high-boiling petroleum oils, coke

TIME IN YEARS

Figure 2. Latent period associated with exposure to oil and tar substances.
(The graph Indicates time elapsing
from onset of employment to
manifestation of a cutaneous
papllloma or epithelioma In 1,335
persons in contact with pitch, tar,
or tar products compared with
1, 719 persons In contact with
shale oil or mineral oil.)
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and bas prepared monographs on the evaluation
of carcinogenic risks of chemicals to man for
some 65 substances. The stated objective of the
IARC program is "to achieve and publish a balanced evaluation of data through the deliberations of an international gr0,up of experts in
chemical carcinogenesis and to put into perspective the present state of knowledge with the
final aim of evaluating the data in terms of
possible human risks ..."u• The evaluations by
IARC reflect biological data, epidemiological
studies and other observations in man, and environmental data.
Almost all carcinogenic compounds in man
have been demonstrated carcinogenic in one or
more animal species. It is generally accepted
that animal studies provide important information to evaluate carcinogenic risk to man. It
must be emphasized that all compounds reported to be carcinogenic are not equally potent. Effective dosages vary widely. For example, pyrene produced tumors in mice only after
10 g/kg were administered. At the other extreme, benzo(a)pyrene with n-dodecane is reported to cause skin cancer in mice at a level of
2 µg/kg. 1' Carcinogen studies in animals also indicate that latent periods associated with
specific dosages may vary widely between comp0unds. Latent period is the length of time between the initial application of carcinogen and
the appearance of the first tumor. In general,
potent carcinogens have shorter latent periods
than weak carcinogens. 11 Response to car·
cinogens in e·99rimental animals may be reported u the occurrence or frequency of neoplasms compared to control animals.
Results of carcinogenic studies in experimental animals (without evaluation) are available in
two compendiums. The &giatry of Toxic Ef
/feta of Chemical Substance•' reports species
tested and lowest effect dosages for suspected
carcinogens, although no details of the studies
are given. Another reference, Suroey of Compounda Which Have Bnn Teated for Carcinogenic Activity (commonly referred to as the
Public Health Series List No.149),11 gives more
complete information. Unfortunately, the list is
not current, the most recent volume coverings
compounds tested in 1972to1978.

ordering numbers." These numbers, derived
from the available experimental animaldata for
each compound, serve as an index to indicate
the potency or hazard associated with a given
chemical. Adjusted ordering numbers are influenced primarily by the lowest effective
dosage reported and animal species affected.
The numbers have no physical meaning because
they are obtained using an arbitrary weighting
system. They are used in MEGs because they
allow ranking of carcinogens on the basis of
available information. Adjusted ordering numbers used in the MEGs methodology are derived from the ordering numbers developed in
the 1976 EPA report, An Ordering of the
NIOSH Suspected Carcinogens List Based On·
ly on Data Contained in the List. 17
Adjusted ordering numbers for organic suspected carcinogens currently addressed by
MEGs range from 1to8 x 108• EPCs for air for
suspected carcinogens are calculated using the
model outlined below. MATEs for suspected
carcinogens are calculated using a similar equation.
The following assumptions are made in
formulating the model.
Adjusted ordering numbers increase with
carcinogenic potency, indicating genotoxic potential. Goals for a given substance should be inversely proportional to the adjusted ordering
number.
An ambient air concentration of 1 ngJmS may
be considered the lowest concentration of concern. Therefore, the model for zero threshold
pollutants should predict a goal of :S 1 ngJmS for
highly potent carcinogens or teratogens.

K
EPCAJr -

adjusted ordering number

where K - 1/6 to satisfy the < 1 ng/ms
assumption for B(a)P.

APPLICATION OF MEGS METHODOLOGY·
TO POLYCYCUC ORGANIC COMPOUNDS
Polycyclic organic compounds are chemicals
containing two or more fused aromatic rings.
Hetero atoms of oxygen, nitrogen, or sulfur may
be present as well as alkyl, hydroxy, or other
ring substituents. Polycyclic organics constitute
a class of compounds of particular Interest in

MEGa for Suspect CarclnogenaMEGs for individual compounds that are
suspected carcinogens are based on "adjusted
18

EPA's synfuels program. They are known to be
present in conversion processes and have received special attention because certain polycyclics are recognized carcinogens. Application
of the current MEGs methodology to polycyclics
as a group has effectively organized and ranked
many of these compounds.

•

Organization

•

A total of 124 polycyclic compounds are included in the MEGs master list. Six major
MEGs categories contain subcategories devoted
to polycyclic compounds. These groupings were
adopted in order to relate compounds according
to structural similarities that affect chemical
separation and analysis. Subcategories are distinguished by numbers of rings and by the
presence of heterocyclic 0, N, or S. Nonalternant structures are separated from other polycyclic hydrocarbons because of their unique
resonance characteristics. Descriptions of
MEGs subcategories containing polycyclic compounds and representative structures are presented in Table 3.

•
•
•

•
Background Information

Background information summaries addressing all polycyclics appearing on the MEGs
master list have been prepared, and MEG
values are specified for 85 of these compounds.
(MEG values presently cannot be provided for
the remaining polycyclics because sufficient information is not available.) Interesting highlights and statistics from the information summaries for polycyclics follow:
• Conflicting rules of nomenclature for
polycyclics have led to confusion. Nomenclature endorsed by the International Union
of Pure and Applied Chemistry is used in
the MEGs.
• Molecular weights for polycyclics addressed
range from 128 (naphthalene) to 342 (tribenzylene benzene, a nonalternant structure). Water solubilities are reported to be
quite low for polycyclics, although the presence of impurities may alter solubilities
substantially.
• Almost all the polycyclics addressed are
a11ociated with coal tar. Many have been
identified in atmospheric particulate sam-

•
•

ples. Concentrations of specific compounds
in ambient media are reported in 45 summaries.
Substantial concentrations in foods are
reported for certain polycyclics (e.g., chrysene in vegetables: 395 µg/kg). Many
polycyclics including heterocycles occur
naturally in plants.
Lipid solubilities, although seldom reported
explicitly, may be deduced from animal test
data when the material is administered in a
lipid-type vehicle. Indications of lipid solubilities for 10 polycyclics are reported in the
summaries.
Degradation of polycyclics in the atmosphere is affected by solar radiation.
Most polycyclics are planar structures. An
exception is benzo(c) phenanthrene, a fourring compound.
Very limited acute toxicity data are available for polycyclics. Virtually no toxicological data are available for the oxygen heterocycles or for the sulfur heterocycles. ·No
evidence suggests that these heterocyclic
compounds are carcinogenic.
Of the 37 polycyclic hydrocarbon groups addressed by MEGs, 24 are reported to be tumorigenic in animals. Alkylation of parent
structures may strongly influence their carcinogenicity. (Example: alkyl derivatives of
benzo(c)phenanthrene.)
Nine nitrogen heterocycles have demonstrated carcinogenic activity. Many others
in this group have no data available.
The TLV® recommended by. the American
Conference of Governmental Industrial Hygienists for particulate polycyclic aromatic
hydrocarbons (PAR) is 0.2 mg/ma. This
TLV® recognizes the carcinogenic potential
of PAH collectively. A TLV® of 0.2 mg/m3 is
also recommended for coal tar pitch volatiles. This specification includes naphthalene, anthracene, acridine, phenanthrene,
and fluorene, collectively. The purpose of
the TL V® is to minimize concentrations of
higher weight polycyclic hydrocarbons that
are carcinogenic.

EPC Values and Ambient
Conc1ntr1tlon1 for Air

EPC values and ambient concentrations for
14

TABLE 3. MEGs SUBCATEGORIES FOR POLYCYCLICS WITH REPRESENTATIVE STRUCTURE
REPRESENTATIVE STRUCTURES
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air for selected polycyclic compounds are
presented in Table 4. The bases for the MEG
values for each compound are indicated.
Rankings for polycyclics derived by the
MEGs methodology are basically consistent
with the broad rankings supplied by the National Academy of Science (NAS) and the evaluations by IARC. In Table 5, carcinogen rankings furnished by MEGs are compared with suggested ratings used by NAS and comments by
IARC. The table includes all polycyclics addressed by MEGs with adjusted ordering numbers greater than 4. All polycyclics with
positive carcinogen codes (as assigned in Reference 21) are also listed in the table. It should be
noted that the only major inconsistencies in the
rankings of highly potent carcinogens occur for
benzo(a)anthracene and dibenz(a,h)pyrene. The
IARC evaluations for these compounds are of
particular interest.
On the basis of lung cancer mortality in the
United States and in other countries, some investigators have concluded "that the lung
cancer death rate in men increases by approximately 5 percent for each increment of pollution as indicated by 1 ng/m3 of B(a)P." Participants of the symposium on General Air
Pol!Mtion and Human Health with Special Reference to Long-term Effects (held in Stockholm,
March 1977) have agreed that this estimate; i.e.,
5 percent, should be "regarded as an upper limit
of the possible effect of atmospheric pollution."18
No United States standards for polycyclics
exist, although 13 polycyclic compounds are
listed in the EPA Consent Decree List. Standards" for polycyclics established by other countries, however, are of interest. In 1972, the
U.S.S.R. adopted a level of 150 ng/m8 as a
maximum acceptable concentration of benzo(a)
pyrene in workplace air. In 1973, the U.S.S.R.
adopted a standard of 1 ng/m3 for benzo(a)pyrene in ambient air. 111 The Republic of Germany
has adopted a standard of 250 ng/L for carcinogenic polycyclic aromatic hydrocarbons in
drinking water. The German standard became
effective January 31, 1975.20
The Russian standards for benzo(a)pyrene are
based primarily on work by Janysheva 19 involving intratracheal instillations of benzo(a)pyrene
into the lungs of laboratory rats. The maximum
noncarcinogenic dose to the rat was determined
to be 0.02 mg of benzo(a)pyrene. This noncar-

cinogenic dose in the rat was extrapolated to a
maximum noncarcinogenic dose for humans on
the basis of organ mass (1,000 g for human lung,
1.5 g for rat).
STATUS OF MEG PROGRAM

To date, background information summaries
and MEG charts addressing a total of 640 chemicals have been prepared. In November 1977,
216 summaries and charts were published, and
publication of charts and summaries addressing
586 additional compounds is pending. The new
MEG volumes will contain updated summaries
and charts for 195 organics previously addressed so all organics data are contained in one
reference.
The methodology for generating MEGs has
been applied successfully to yield numerical
goals of at least one type for 572 chemical substances. (This total does not include all compounds addressed by preliminary MATE
values. Background information summaries
have not yet been compiled for all of the inorganic substances listed in the preliminary
MATE tabulations). Preparation of MEGs for inorganics is currently in progress.
A candidate list of compounds to be addressed by MEGs in the future has been compiled. Criteria for inclusion of compounds in the
candidate list are association with fossil fuels
processes or interest to EPA regulatory offices.
A large number of alkylated polycyclics and nitrogen heterocycles appear on the candidate
list.
Early this year, a peer review of EPA's environmental assessment11 methodology raised
several issues that will influence future MEGs
work. One source of concern was that persistence in the environment is not specifically
considered in the current MEGs. An indication
of uncertainty of the range associated with
specific MEG values is also needed. The safety
factors incorporated in the models for deriving
EPCs and MA TEs deserve careful review because compounding safety factors may result in
overly stringent MEG values. A footnote system to indicate the basis for each MEG value
should be used in final tabulations in future
reports. The need for a systematic review of the
overall methodology and of specific MEG values
was also pointed out. Finally, the appropriateness of the nomenclature used in the MEGs, par16

Workroom Environment with Intended
changes for 1976and1977. American Con-

ticularly regarding the term minimum acute
toxicity effluents (MA TE), was questioned.
It should be emphasized that the multimedia
environmental goals are not to be used as regulations. They are designed to specify levels that
may be compared for various pollutants in order
to assess various control technologies. A conservative approach has been applied consistently
to specify MEG values. Models used for MEG
calculations incorporate safety factors to ensure
that the values generated err on the safe rather
than on the high side. Also, where conflicting information required for MEGs is reported, the
more conservative value is used in the MEGs
calculations.
Projecting optimum control strategies for an
industry slated for future operation is an ambitious undertaking. It involves identifying environmental problems that might arise and assessing their magnitude. Even while environmental effects posed are speculative, priorities
must be established so research efforts may
focus on the problems believed to be most
serious. Clearly, priorities must be established
in a systematic manner. MEGs provide the vital
link between environmental effects and desirable control levels needed for comprehensive
environmental assessment. It is imperative that
the methodology for generating MEGs remain
flexible so that the most reliable and most up-t~
date information can be reflected in the values.
The ultimate goal in environmental assessment
is to assure that regulations necessary to pr~
tect the environment can be formulated and
that control technology to meet such requirements is available when needed.
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TABLE 4. SUMMARY OF AIR EPCs AND AMBIENT AIR CONCENTRATIONS FOR
SELECTED POLVCVCLICS
ID Number

Compound

Ambient Level Most Stringent
Reported (µg/m 3) Air EPC (µg/m 3)

21A140

Anthracene

0.00035-0.002

133

21A180

Phenanthrene

0.0004-0.006

3.8

216040

Benz(a)anthracene

218060

7,12-Dimethylbenz(a)anthracene

218080

3-Methylcholanthrene

218100

8enzo(c)phenanthrene and alkyl
derivatives

218120

Chrysene

218160
218180

Triphenylene
Pyrene

21C040

8enzo(g)chrysene

21C060

Oibenz{a,c)anthracene

21C080

Oibenz(a,h)anthracene

0.0032-0.032

0.0002

21Cl00

Benzo(a)pyrene

5 x 10- 5

21C120

8enzo(e)pyrene

4 x 1o- 5 to
4 x 10-4
9.0 x 10- 4

21C140
21C160

Perylene
Picene

0.0001
6.5 x 10- 5

210020

Oibenzo{a,h)pyrene

9

210040

Oibenzo{a,i)pyrene

0.1

210060

Oibenzo(a,l)pyrene

3

210080
210100

8enzo(ghi)perylene
Coronene

228020
228040

Fluoranthene

~.3-8enzofluorene

0.029

0.11
0.0006
0.009

0.006

0.5

2.3 x 10- 4

5.29

0.0024
450

556
38

0.009

23.5

7

6

Basis for EPCs
Lowest effective dose for tumorigenic response in mice is
3300 mg/kg.
Lowest dose for tumorigenic
response in mice is 71 mg/kg
Lowest effective dose for tumorigenic response in mice is
2 mg/kg.
Tumors in 7 species reported.
Lowest effective dose is
21 µg/kg.
Tumors in 8 species reported.
Lowest effective dose is 0.312
mg/kg.
Lowest effective dose for tumorigenic response in mice is
10 mg/kg.
Lowest effective dose for tumorigenic response in mice is
99 mg/kg.
Lowest effective dose reported
for tumorigenic response in
mice is 10 g/kg.
Lowest effective dose reported
for tumorigenic response in
mice is 720 mg/kg.
Lowest effective dose reported
for tumorigenic response in
mice is 440 mg/kg.
Tumors in 5 species are reported.
Lowest effective dose is
0.006 mg/kg.
Tumors in 6 species are reported.
Lowest effective dose is
2 pg/kg.
Tumors in 2 species are reported.
Lowest effective dose is
140 mg/kg.
Lowest effective dose for tumorigenic response in mice is
111 mg/kg.
Lowest effective dose for tumorigenic response in mice is
165 mg/kg.
Tumors in 2 species reported.
Lowest effective dose is
2 mg/kg.
Lowest effective dose for tumorigenic response in mice is
48 mg/kg.

0.003
8.0 x 10- 7 to
2.13 x 10- 6
3.05 x 10- 3
162
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LO so (oral ,rat): 2000 mg/kg.

TABLE 4 (continued)

ID Number

Compound

Ambient Level Most Stringent
Reported (µg/m 3) Air EPC {µg/m 3)
j,g

22C020

Benzo( k)fl uoranthene

22C040

Benzo(j)fluoranthene

22C060

1,2:5,6-Dibenzofluorene

22COBO

Benzo(b)fluoranthene

220020

Indeno(l,2,3-cd)pyrene

23Bl20

Phenanthridine

23Bl40

Benzo(f)quinoline

0.2 x 10- 3

162

23Bl60

Benzo(h)quinoline

3 x 10- 4

162

23Bl80
23B200

Benz(a)acridine
Benz(c)acridine

2 x 10- 4

23B220

Dibenz(a,j)acridine

0.59

238240

Dibenz(a,h)acridine

0.5

23B260

Dibenz(c,h)acridine

54.5

23C080

Carbazole

41

23Cl20

Benzo(c)carbazole

45

23Cl40

Dibenzo(a,i)carbazole

28

23Cl60

Dibenzo(c,g)carbazole

23Cl80

Dibenzo(a,g)carbazole

14

25B040

Benzo(b)thiophene

41

0.001

15
31.5

0.0005-0.02

2. 1

3.9
162

0.0006

25

0.2
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Basis for EPCs
Lowest effective dose for tumorigenic response in mice is
72 mg/kg.
Lowest effective dose for tumorigenic response in mice is
288 mg/kg.
Lowest effective dose for tumorigenic response in mice is
590 mg/kg.
Lowest effective dose for tumorigenic response in mice is
40 mg/kg.
Lowest effective dose for tumorigenic response in mice is
72 mg/kg.
Based on acridine. LD 50 (oral,
rat): 2000 mg/kg.
Based on acridine. LD 50 (oral,
rat): 2000 mg/kg.
Based on acridine: LD 50 (oral,
rat): 2000 mg/kg.
Lowest effective dose for tumorigenic response in mice is
468 mg/kg.
Lowest effective dose for tumorigenic response in mice is
11 mg/kg.
Lowest effective dose for tumorigenic response in mice is
10 mg/kg.
Lowest effective dose for tumorigenic response in mice is
1 ,020 mg/kg
Lowest lethal dose (oral, rat):
500 mg/kg.
Lowest effective dose for tumorigenic response in mice is
840 mg/kg.
Lowest effective dose for tumorigenic response in mice is
510 mg/kg.
Tumors in 4 species reported.
Lowest effective dose is
8 mg/kg.
Lowest effective dose for tumorigenic response in mice is
270 mg/kg.
Lowest lethal dose (intraperftoneal, mouse): 512 mg/kg.

TABLE 6. COMPARISON OF CARCINOGENICITY RATINGS FOR POLYCVCLICS

------------------------------·--,,_--------- ---...-

Adlulllll
Ord1rln1 Numlllr1
(lnil lor EPC'1I

Rlllnpw. .ltld
by Nltlonel Ac1H111y
ol lllenct(Z1 I•

3,314,500

+H

Produced tumors in 111 9 enim1l sp1cit1 repomd 11111d. Lttont p11iod1 ahorttr thin for other
polycyclics with poulbll exception of dlblnz(1,hl1nthr1Ctnt.

0 ib1nz(1,hl1nth ncen1

754,833

+++

Tumors produced in 6 1nim1l specl11. Both Ioctl Ind systemic c1reinogenic tfftcll oburvtd.
E111ctiv1 11 low dostt Single doll effective In newborn mice.

7, 12·Dlmethylbenz(el
111threc1ne

272,809

++++

Not tddre•d

3-M1thylchol111threne

Compound
B1nzo(1)pyren1

IARC Co111m111t11131

18,883

+H

Not tddrt•d

Olblnz(1,l}pyr1n1

1,812

+++

Rapid app11renct of loul urcom1 ob11rved from aubcut1111ous injtctlon in mice end hem·
stars. Skin pointing on mice wu tlto effective but ltu tctlve than btnzo(t)py11n1.

Btn•(t)111threc1n1

1,562

Cen:inogenic in mice by •verli routes. Effective Ortl do• limll11 to methyl chol111th11n1 but
without g11troint11tinli trtct tumors.

Di/Jtnzo(c,g)urlllzole

679

+++·

Cen:inogenic in 111, mou•, h1n1111r. Ind ponlbly dOf. Both Ioctl 111d systemic efltcll ob•rved.
App11rs to be 11ronger respiratory tract ctn:inogen th111 btnzo(1)py11n1 in h1111111r.

Benzo(c )phtntnthrene
(end -CH3 deriv1tivt1I

312

+H

Not tddrt•d

Diblnzo(1,h)tcriclin1

312

++

Skin rumors and lung tumors in mico obltrved following skin painting or subcuttneous td·
ministration. Not ttsted edequetely by other rout11 or in other species.

Diblnzo (1,j )tcridine

284

++

Skin tumors in mice followed topicel application. Subcutaneous 1dmini1tretion1 et highest
dosoge produced local sercom• and lung tumors. Not telttd in other specin

Benzo(b)fluortnthene

78

++

Produced skin tumors in mice following rep11t1d skin p1inting, but only at levels 10 times
higher then aflactiva banzo(a)pyrene levels. Not tested by other routes.

Dlblnzo(1,l)pyrene

84

Subcutaneous tdministretion in mica resulted in sarcomu in 111 animalL Not tr1tted by other
routes or in other species.

Phtntnthrent
Btnzo(k)lluor1nthen1

44

Not addressed

lndtno (1,2,3-cd)pyrent

43

+

Methyl chry•nt1

39

Chry•nt

32

Not li1ttd
±

Picent
Btnzo(t)pyrene

28

Not lialld

Dibenzo(1,h)pyrene

19

Diblnzo(1,g)c1rblzol1

12

±

Btnzo(j)lluor111thtn1

11

++

Nottddre•d
A high incidence of skin can:inom• resulb from repeated skin painting in mic1. Not ttslld in
other species or by other routes.

++

Not tddremd

+

Not lddrt•d
Skin tumon in mice lollowld topiclll opplicttion. Bladder tumors in rltl followed p11'1ffln wu
pellet implantation. Not !lated by other routn ar in adtlr IPICill.

Cholentllrene

43

Not eddreaed

23

Not lialld

Dib1nz(t,cl111tllrtc1nt

+++

Not li1t1d

Btnzo(c)11:ridln1

A complete can::inogan and initiation of skin t1rcinogen11i1 in mica, but of lower potency
than banzo(alpyrene. Local sarcoma followed subcut111eous injection in mica. Not trotted
by other rout1111 in other species.
Not addressed
Skin tumors in mice followed repeated painting 1t high conc1ntr1tion1 only. High doa, aib·
cutaneous injections produced low incidence of tumors often long induction time.

Notlddrt•d
0111 from 1 skin ptinting 1xp1rimen11 in mice evoktd wolker 111pon• th., blnzo(e)pyrene
or dibenz(t,hlantllrecene. Not mttd by other routeL
Carcinogenic elflctl demonllrlttd following rtpelttd skin pointing in mice llld injoction1 in
mice .,d rltl. Not tlalld by otller route& or in other apecill.

Btnzo(e)e1rbezolt

±

Dibonz(t,ile1rbtzolt

±

Not tddrt•d

D/blnz(c,h)ecridint

±

Not tddrt•d

+

Not tddrtmd

No v1IU11 given

+

Nottddr.,.d

Not limd

±

Not tddrtmd

Dibtnz(t,g)lluorene
Dlbtnz(1,j)111thnc1nt
Olblnz(1,clfluo11n1

Nottddrt•d

•c1n:lnogenicity cod• given by NAS:
- not e1rclnogenic
± unmtlin or w11kly c1n:inogenic
+ cen:ino111nic
++, +++, ++++ atrongly cm:lno91nic
.lndicttlon1 of c•cinogenicity, 11f11 to th1 Public Heelth Strvict Survey
llalld in reference 16 of this poper.
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SOURCE ANALYSIS MODELS FOR ENVIRONMENTAL ASSESSMENT
L. R. Waterland* and L.B. Anderson
Acurex Corporation. Mountain View. California

that appropriate controls are available when '
needed. Thus, these programs centralize data,
quantify emissions and risks, evaluate ·control
options, and recommend R&D priorities.
To coordinate the approach and output of
each of the EAs, IERL/EACD is conducting several methodology development tasks that define standardized procedures to be followed in
obtaining and evaluating process and environmental data. Standardized sampling, chemical
analysis. and bioassy procedures are being
specified; environmental objectives are being
defined; and formats for comparing emission
data and environmental objectives are being
developed. This paper describes results of efforts to date to develop a series of source
analysis models (SAMs) that address the need to
define methods of comparing emission data with
environmental objectives or multimedia environmental goals (MEGs).
Figure 1 illustrates the environmental assessment approach. This figure shows the two parallel activities involved in an EA: control technology evaluation and environmental data acquisition, and environmental objectives development. These two activities are brought together in the task labeled environmental alternatives analysis. In this analysis, results from
process or effluent stream emissions assessments are compared to MEGs to form the basis
for defining the outputs of an environmental
assessment, as shown in the figure. The tool
used to perform these comparisons is the souree
analysis model (SAM). The SAM, therefore, is
the format used to compare pollutant loadings
to the environment from a pollutant source to
defined MEGs, thereby quantifying the potential environmental impact of a discharge stream
or pollutant source. Results from these comparisons can subsequently be used to define such
EA outputs as:
• Establishing more detailed sampling and
analysis needs.
• Identifying problem pollutants,
• Quantifying discharge stream or source haz·
ard potential,

Abstract
A series of source analysis models (SAMs)
have been developed to treat tke results of emissions assessments of stationary pollutant
sources to evaluate potential environmental impact. These models provide a framework for
making structured comparisons between measured effluent stream pollutant concentrations
and threshold, allowable ambient concentrations (termed multimedia environmental goaJ.s
or MEGs). Model outputs can thus be used to
rank sources or effluent streams from a source
with respect to potential environmental impact,
evaluate alternate emission control strategi.es,
or set priorities for control technology development. Three models have been or are being
developed·
• A rapid-screening model based on direct effluent stream concentration comparisons,
• A screening model incorporating a dilution
factor approximation to pollutant dispe-,..
sion, and
• A regional site evaluation model based on
detailed treatment of pollutant dispersion.
This paper describes features of ea.ch of these,
contrasts elements of their development, and
notes example applications in environmental assessment programs.

INTRODUCTION
Since 1975, the Energy Assessment and Control Division of the U.S. Environmental Protection Agency's Industrial Environmental Research Laboratory (EPA-IERL/EACD) has conducted environmental assessment (EA) programs that focus on identifying and resolving
multimedia environmental risks from energy
systems and fuel processes. The primary purposes of these EAs are to provide the research
data base to support standards development by
EPA program offices and to guide IERL control
technology development programs to ensure
•Speaker.
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Figure 1. Environmental assessment program approach.
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ALTERNATIVES

each level of analysis model being developed,
contrasts specific elements of each model, and
presents examples of each application. The discussion, in turn, treats the rapid-screening
model, the intermediate-screening model, and
the projected form of the regional site evaluation model.

• Ranking discharge streams and sources
with respect to potential for adverse environmental impact,
• Evaluating alternative control/disposal options for a given discharge stream, and
• Establishing control technology R&D needs.
In line with EA needs, SAMs are being developed in three levels of detail in the treatment of
dispersion. The simplest model, SAM/IA, has
been designed for rapid-screening purposes and,
as such, includes no effluent transport or transformation analysis.1 Goal comparisons employ
the minimum acute toxicity effluent (MATE)
MEG. The second model, SAM/I, has been designed for intermediate screening. 2 It includes
some simple approximations to effluent stream/
pollutant transport and employs ambient-based
multimedia environmental goals. SAM/II will be
designed for regional site evaluation and will include more sophisticated consideration of pollutant transport and transformation, cross media
effects, and population exposure. All levels of
the SAM, however, assume that:
• Only the MEG master list of about 650 specific chemical compounds3 4 need be considered in potential toxicity evaluations,
• The set of MEG values defined are appropriate indicators of threshold levels for adverse health or ecological effects, and
• Pollutant synergisms and antagonisms can
be neglected.
Figure 2 illustrates the projected application
of each level of SAM in the tiered EA approach.
As the figure shows, the rapid-screening
SAM/IA model finds primary use in evaluating
Level 1 and Level 2 sampling and chemical analysis results. SAM/IA evaluations of Level 1 data
serve to identify potential problem discharges
and to point out pollutant species requiring
Level 2 analysis. SAM/IA evaluations of subsequent Level 2 data close the loop and give
screened pollutants and screened problem discharges.
The intermediate-screening SAM/I model
finds optional use in treating Level 1 results but
is primarily used to evaluate Level 2 data.
Results from SAM/I-Level 2 evaluations confirm problem discharges and identify Level S
monitoring needs. In turn, the regional site
evaluation SAM/II model is designed to treat
Level 3 data and quantify the potential impact
of the problem discharges and pollutants.
The following section discusses features of

RAPID-SCREENING SAM/IA
As noted in the introduction, the SAM/IA
model has been designed as a rapid-screening
tool for evaluating environmental assessment
sampling and chemical analysis data. Thus, the
model approach does not include treatment of
effluent stream dispersion or pollutant chemical
transformation. Instead, potential hazard estimates employ the minimum acute toxicity effluent (MATE) MEG.8
Two hazard indices are defined in the model:
the potential degree of hazard (POOH) and the
potential toxic unit discharge rate (PTUDR).
The POOH is the ratio of the effluent stream
concentration of a pollutant species to that
species' MATE value:
POOH. • Discharge concentration of compound i
1
MATE of compound i

Thus, the POOH is a measure of the existence of
a potential hazard. Both health and ecological
POOHs can be defined for gaseous, liquid, and
solid effluent streams consistent with appropriately defined MATE values.
The PTUDR is defined as the product of the
POOH with the effluent stream discharge rate:
PTUDRi • PDOHi •stream flow rate.

Thus, the PTUDR is a measure of the magnitude of a potential hazard.
The POOH and PTUDR are calculated for
each pollutant species analyzed in the discharge
stream, or in the case of Level 1 evaluations, for
the most toxic species in an analyzed Level 1
sample fraction. Thus, to obtain a measure of
the toxic potential presented by the total ef·
fluent, individual pollutant POOH and PTUDR
are summed to give total stream POOH and
PTUDR. In turn, to estimate the magnitude of a
multieffluent pollutant source, stream total
PTUDRs may be summed to give a source total
PTUDR.
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Fagure 2. SAM application in the tiered assessment approach.
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Tables 1 and 2 illustrate the use of these
SAM/IA concepts to evaluate inorganic analysis
data from a coal-fired utility boiler. Table 1
shows the results of a SAM/IA assessment of
the inorganic component of the boiler's flue gas
stream, including particulate composition. The
table lists POOH and PTUDR values for the 30

components assayed. Table 2 shows total
stream POOH and PTUDR values for the four
effluent streams coming from the boiler, for two
sets of operating conditions: baseline or uncontrolled for NOx, and controlled for NOx. The
table indicates that the flue gas stream dominates the unit's potential hazard. Further, when

TABLE 1. POOH AND PTUDR FOR UTILITY BOILER FLUE GAS (INORGANIC): SAM/IA

MEG
Category
32
36
41
42
45
46
47
49
50
51
53
54
55
56
57
62
63
65
69
71

72
74
78
81
82
83

Component
Be
Ba
Tl

co
C02
Sn
Pb

NO
NH~
As
Sb
Bi
S02
S03
S04
Se
Te
F
Cl
Ti

Zr

v

Mo
Mn
Fe
Co
Cu
Zn
Cd
Hg

Flue Gas
Concentration
(µg/dscm)

MATE:
Health
(µg/m3)

9.0
2250
2.6
3.07 x 104
2.72 x 108
6.4
74
1.16 x 106
10.5
95
3.9
44
4.18 x 106
1.45 x 104
6500
9.9
4.1
84
270
6100
270
260
150
240
4.5 x 104
66
280
420
1.8

2
500
100
4.0 x
9.0 x
1.0 x
150
9000
150
2
50
410
1.3 x
1000
1000
200
100
2000
400
6000
5000
500
5000
5000
700

50
200
4000
10
50

3.1

TOTAL

104
106
104

104

POOH:
Health
4.5
4.5
0.026
0.768
30.2
6.4 x 10-4
0.49
129
0.07
47. 5
0.078
0.107
322
14. 5
6.5
0.050
0.041
0.042
0.675
1.02
0.054
0.52
0.03
0.048
64.3
1.32

1.4
0.105
0.18
0.062
630

aFlue gas flow rate of 69.3 kg/s.
27

PTUDR:a
Health
(Mg/s)
0.312
0.312
0.002
0.053
2.09
4.4 x 10-5
0.034
8.93
0.005
3.29
0.005
0.007
22.3
1.00
0.450
0.003
0.003
0.003
0.047
0.070
0.004
0.036
0.002
0.003
4.45
0.092
0.097
0.007
0.012
0.004
43

TABLE 2. POOH AND PTUDR FOR UTILITY BOILER DISCHARGES UNDER
BASELINE AND NOx CONTROLLED OPERATION: SAM/IA

Stream
Flue gas

POOH

Baseline

630

PTUOR
(kg/s)

43~300

Contra 11 ed for NOx
POOH
PTUOR
(kg/s)
502

34,900

Cyclone ash

18.1

18.8

15 .6

15.8

ESP ash

23.3

6.1

22.7

6.1

Bottom ash slurry

18.0

56. 9

17.1

52.8

TOTAL

43,400

35,000

categories 5, 8, 10, 13, 19, and 23 listed in Table
3. These com/ounds have MATE values less
than 79 mg/m , so based only on the information
that compounds eluting in the LC6 fraction are
emitted at 79 mg/ms, these compounds would be
flagged for Level 2 elucidation.
However, when results from the LC fraction
infrared analysis are included with the TCO and
gravimetric data, calculated POOH decreases.
In the example the IR report noted that the
sample consisted of phenols and cresols (MEG
category 18), carboxylic acids (category 8), and
heterocyclic nitrogen compounds (category 28).
Thus, assuming that amines (category 10), thiols
(category 13), alcohols (category 5), and halophenols (category 19), are present only in negligible quantities, the calculated PDOH for the
LC6 fraction decreases to 360, based on
dibenz(a,h) acridine, as shown in Table 4. The
table also indicates that Level 2 elucidation of
28 species in MEG categories 8, 18, and 23 would
now be suggested.
Finally, -incorporating results from the lowresolution mass "spectrometry analysis further
reduces the calculated POOH and the scope of
needed Level 2. In the example, the LRMS report noted the strong presence of phenols (intensity - 100) and a weaker presence of heterocyclic nitrogen compounds 6ntensity - 10).
Based on this, we can assume that the maximum

NOx emissions are controlled (31 percent reduction), potential flue gas hazard is reduced, reducing overall total source potential hazard.
A second example serves to illustrate how
the SAM/IA model can be used to identify Level
2 sampling needs based on Level 1 results. This
example also introduces the concept of
"looping," in which results from successive Level 1 analytical steps are used to rule out the
existence of certain compound categories in a
sample and thereby decrease the calculated
POOH.
The concentration of total vapor phase organic compounds (as collected by the organic mod·
ule of the source assessment sampling system
[SASS] train) in the coal feeder vent discharge
stream was 780 mg/m8 as shown by recent data
from a Level 1 source test of a low-Btu gasifier. 5
With liquid chromatography separation, the
LC6 fraction accounted for 79 mg/ms. Based only on this information, the calculated POOH for
the LC6 fraction would be 460 as shown in Table
3, based on the conservative assumption that
the entire LC6 fraction consisted of the most
toxic species potentially present in the fraction:
2-aminonaphthalene. This LC6 POOH would
thus be added to those for the other organic and
inorganic categories to obtain the stream total
POOH. Further Level 2 analyses would be required for at least the 38 compounds in MEG
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TABLE 3. LOW-Btu GASIFIER, COAL FEEDER VENT ORGANIC EXTRACT:
LC6 EVALUATION; TCO/GRAV DATA

MEG
Number

Compound

10C220
238240
238220
lOC080
13Al40
23Cl60
10A020
188060
13Al00
23C020
230020
lOClOO
230040
080280
23Cl80
18Al20
238200
23C040
23Cl40
18Al40
18Al80
238020
058100
23Cl20
188020
18A040
23C080
198020
238260
18Al00
18Al60
100020
18A080
18A060
188080
23C060
238040
108100

2-Aminonaphthlene
Oibenz (a,h) acridine
Oibenz (a,j) acridine
Ansidi nes
Perchloromethanethiol
Oibenzo (c,g) carbazole
Methyl amine
1,4-Dihydrox;t>enzene
Benzeneth io 1
Pyrro le
8enzothiazole
1,4-Diaminobenzene
Methylbenzothiazoles
Phthalate esters
Dibenzo (c,g) carbazole
2,2'-Dihydroxydiphenyl
Benz (c) acridine
Indole
Dibenzo (a,i) carbazole
Xyl eno ls
Polyalkyl phenols
Qui no line
1-Phenylethanol
Benzo (a) carbazole
Catechol
Cresols
Carbazole
Chlorinated cresols
Dibenz (c,h) acridine
Phenylpheno ls
Alkyl cresols
N,N-Dimeth lyan i line
Ethylphenols
2-Methoxypheno l
1,2h3-Trih,droxybenzene
Met ylindo es
2-Methylquinoline
Morpho line

aEmission level

= 79

MATE
(mg/m3)

POOH a {Entire Assayed
Level is the Compound)

0.17
0.22
0.25
0.50
0"80
1.0
1.2
2.0
2.1
2.7
4.3
4.5
4.7

470
360
320
160
99
79
66
40
38
29
18
18
17
16
13
12
7.2
7.2
6.6
6.1
5.3
4.9
4.4
4.2
4.0
3.6
3.4
3.4
3.4
3.4
3.3
3.2
3.2
2.4
2.2
1.8
1.4
1.1

5 .o

6.0
6.8
11
11

12
13
15
16
18
19
20
22
23
23
23
23
24
25
25
33
36
45

55
70

mg/m3.

29

TABLE 4. LOW-Btu GASIFIER, COAL FEEDER VENT ORGANIC EXTRACT:
LC6 EVALUATION; IR+ TCO/GRAV DATA

MEG
Number

Compound

238240
2:!8220
23Cl60
188060
23C020
230020
230040
080280
23Cl80
18Al20
238200
23C040
23Cl40
18A140
18A180
238020
23C120
188020
18A040
23C080
238260
18Al00
18A160
18A080
18A060
188080
23C060
238040

Dibenz (a,h) acridine
Dibenz (a,g) acridine
Dibenzo (c,g) carbazole
1,4-Dihydroxybenzene
Pyrrole
8enzothiazole
Methylbenzothiazoles
Phthalate esters
Oibenzo (a,g) carbazole
2,2 1 -Dihydroxydiphenyl
Benz (c) acridine
Indole
Oibenzo (a,i) carbazole
Xylenols
Polyalkyl phenols
Qui no line
8enzo {a) carbazole
Catechol
Cresols
Carbazole
Dibenz (c,h) acridine
Phenylphenols
Alkyl creso ls
Ethylpheno ls
2-Methoxyphenol
1,2,3-Trihydroxybenzene
Methylindoles
2-Methylquinoline

aEmission level

=79

MATE
(mg/m3)

POOH a (Entire assayed
level is the compound)

0.22
0. 25
1.0
2.0
2.7
4.3
4.7
5.0
6.0
6.8

360
320
79
40
29
18
17
16
13
12
7.2
7.2
6.6
6.1
5.3
4.9
4.2
4.0
3.6
3.4
3.4
3.4
3.3
3.2
2.4
2.2
1.8
1.4

11

11
12
13
15
16
19
20
22
23
23
23
24
25
33
36
45
55

mg!m 3 .
INTERMEDIATE-SCREENING SAM/I

concentration of LC6 category 18 compounds
would be 72 mg/m3 and that the maximum concentration of category 28 species would be 7.2
mg/m3, with negligible category 8 compounds
present. This information reduces the calculated POOH for the LC6 fraction to 86, based on
1,4-dihydroxybenzene, as shown in Table 5. The
table also shows that Level 2 would now be indicated for only 18 compounds in MEG categories 18 and 23.

The SAM/I model has been designed for intermediate screening purposes to evaluate Level 1 (optionally) and Level 2 data. To address
these objectives, the model includes elementary
treatment of pollutant dispersion or dilution to
ambient levels but does not incorporate ambient chemical reaction or transformation. Because pollutant dispersion is treated, potential
30

TABLE 6. LOW-BTU GASIFIER, COAL FEEDER VENT ORGANIC EXTRACT:
LC6 EVALUATION; LRMS +IR + TCO/GRAV DATA

MEG
Number

Compound

188060
238240
238220
18Al20
23Cl60
18Al40
18Al80
188020
18A040
18Al00
18Al60
18A080
23C020
18A060
188080
230020
230040
23C180

1,4-Dihydroxybenzene
Dibenz {a,h) acridine
Dibenz (a,j) acridine
2,2-Dihydroxydiphenyl
Dibenzo (c,g) carbozole
Xylenols
Polyalkyl phenols
Catechol
Cresols
Phenylphenols
Alkylcreso ls
Ethylphenols
Pyrrole
2-Methoxyphenol
1,2,3-Trihydroxybenzene
8enzothiazole
Methylbenzothiazoles
Dibenzo(a,g) carbazole

aEmission level

MATE
(mg/m3)

POOH a (Entire assayed
level is the compound)

40
0.22
0.25
6.8
1.0
13
15
20
22
23
24
25
2.7
33
36

4.3
4.7
6.0

36
33
29
11

7.2
5. !j

4.8
3.6
3.3
3.1
3.0
2.9
2.7
2.2
2.0
1. 7
1. 5
1.2

mg/m 33tor category 18 species.
7.2 mg/m for category 23 species.

= 72

hazard estimates employ the minimum ambient
level goal (ALGm) MEG.
As in SAM/IA, two hazard indices are defined
in SAM/I: the POOH and the PTUDR. Here,
though the POOH is defined as the ratio of the
estimated maximum ambient concentration of a
pollutant species resulting from the effiuent
stream to the ALGm for that species:

PTUDR1 • PDOH1•stream mass Dow rate.

The POOH is calculated for each pollutant
species analyzed in the discharge stream, or in
the case of Level 1 evaluations, for all species in
an analyzed Level 1 sample fraction whose potential ambient level concentration exceeds its
corresponding ALGm. The PTUDR is calculated
for each species whose POOH is greater than
unity. Stream total POOH and PTUDR and
source total PTUDR are obtained as they were
in SAM/IA, with specific provision for incorporating the concept of "looping" described
above.
To obtain the estimated maximum ambient
concentration of a pollutant because of the discharge stream, SAM/I employs approximate
dispersion models to account for the dilution of
a discharge concentration to an ambient concen-

Estimated maximum ambient
concentration of compound i
Minimum ambient level goal
for compound i

Again, the POOH is a measure of the existence
of a potential hazard. Correspondingly, the
PTUDR is defined as the product of the POOH
with the effluent stream mass discharge rate
and represents a measure of the magnitude of
the potential hazard:
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internally parameterized based on estimates of
nationwide averages of these characteristics.
Thus, only discharge stream flow rate remains a
model variable. Further, several model discharge stream flow rates have been defined,
spanning discharge flow rate range of interest.
Typical dilution factors have been assigned to
each of these model streams. Therefore, the
SAM/I user need only know the discharge rate
of the stream under evaluation, and receiving
body discharged into, to perform SAM/I calculations.
As an example, for gaseous effluent streams
discharged into the atmosphere, a Gaussian
plume dispersion model 6 was used to predict
maximum ground level pollutant concentrations. Here, the entraining flow is the atmosphere. The entraining flow characteristics, atmospheric stability, and wind speed are given
values within the model typical of nationwide
average conditions. Further, discharge stream
stack height is internally parameterized by
relating average stack height to average source
flow rate (e.g., large utility power plants,
sources with flue gas discharge rates in the
Mg/s range have stack heights around 200 m,
whereas small commercial or industrial boilers,
with flue gas flow rates in the kg/s range have
about 10 m stacks). Thus, for SAM/I evaluations
a user need only know discharge flow rate to be
able to assign an approximate dilution factor.
The defined SAM/I dilution factor, as a function of effluent stream discharge rate, for the
various effluent stream/receiving bodies is summarized in Table 6. Details of the models used to
assign these dilution factors are reported elsewhere. 2
An example of the use of the SAM/I model is
presented in Table 7, where the Level 1 inorganic analysis data for the coal-fired utility
boiler, treated by SAM/IA in Table l, is evaluated through SAM/I. In this example, one
notes that the flue gas flow rate is 69.3 kg/s.
Reference to Table 6 requires a dilution factor
of 1,000. Calculated POOH and PTUDR values
for the 26 components assayed that have ALG
values as well as stream totals are shown in
Table 7. Further use of SAM/I calculations in
evaluating control technology application and in
identifying Level 2 analysis needs is analogous
to the use of SAM/IA as presented in Tables 2
through 5.

tration. Models have been developed for gaseous, liquid, and solid discharges into appropriate receiving bodies within air, water, and
land media. Figure 3 illustrates the discharge
stream/receiving body combinations treated.
The figure shows that any given gaseous, liquid,
or solid waste stream from a source can be discharged in a number of ways to air-, water-, or
land-receiving media. For example, a liquid or
solid stream can be discharged to a river-, lake-,
or ocean-receiving body. In these cases the final
receptor medium is surface water; thus, the use
of water MEGs is appropriate for potential hazard evaluations. Adverse effects both to human
health and to ecosystems are possible for riverand lake-receiving bodies, so health and ecological evaluations are appropriate. For ocean
dumping, only ecological evaluations are meaningful because direct human health impacts
from ocean dumping are assumed negligible.
Similarly, liquid and solid streams can be discharged to deep well, sump (or waste pond), irrigated field, wastepile, plowed field, cavity, or
fill site-receiving bodies in the land medium. For
liquid discharges and solid leachates, the final
receptor medium is groundwater, so water
MEG, health-based evaluations are appropriate.
For leached soil residue the final receptor
·medium is the land, so land MEG, ecologically
based evaluations are appropriate.
The underlying physical picture for all the
SAM/I dispersion models is that of a discharge
stream entering an entraining ambient flow.
After mixing takes place, the pollutant stream
dispersion, or dilution factor can be approximated by the ratio of the entraining stream
volumetric flow rate to the discharge stream
flow rate. SAM/I defines a discharge stream dilution factor, K, in just such a manner:

K-

Entraining stream volumetric flow rate
Discharge stream volumetric flow rate

Therefore, the estimated maximum ambient
concentration for a pollutant species is the ratio
of the discharge concentration to the dilution
factor.
Dilution factors have been defined for all the
receiving boilers shown in Figure 3. In the dispersion models used to calculate these dilution
factors, entraining flow characteristics and certain discharge stream characteristics have been
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TABLE 6. SUMMARY OF MODEL STREAM DISCHARGE RATES AND DILUTION FACTORS

Discharge Stream Type

Gas

Receiving Body

Air

Discharge Rate Q (g/s)
and Dilution Factor K

River/Lake

Discharge Stream Type

Liquid

Receiving Body

Deep Well

l x 10~
1 x 10
i x 103
1 x 102
1 x ioI

1 x 102
3 x 102
1 x 103
5 x 103
2 x 104

1.6
1.6
1.6
1.6
1.6

Q

x 102
x 103
x 104

3 x 104
(Barge)

K

Q

K

Q

Any

1

Any

100

Any

Leached Solid

K

10a
lQQb

8

Large receiving body with base diameter d;;. lOm.
bLarge receiving body with base diameter d < lOm.

1 x 103

x 106

Sump, Waste Pile, Plowed
Field, Cavity, Fill Site

Q

K

x los

Liquid/Soluble Solid
Irrigated
Field

-

Ocean
K

Q

K

Q

2.5 x 10~
6.5 x 105
1.3 x 10
6.8 x 103
5.4 x 102

Discharge Rate Q (g/s)
and Dilution Factor K

Liquid/Soluble Solid

Any Land Body

Q

K

Any

1

T-1688

REGIONAL SITE EVALUATION, SAM/II

ambient POOH exceeds 0.1. Mathematically, the
potential impact factor can be expressed as:

The SAM/II model will be designed for regional site evaluation purposes for specific
evaluation of Level 3 data. It will be the most
mathematically detailed model in the SAM
series in its treatment of pollutant dispersion
and will include treatment of population exposed to ambient levels to measure the impact
of a potential environmental hazard. Where
possible, the model will factor in pollutant
11pecies chemical transformations.
Individual components of the SAM/II model
are presently being developed. To date, only the
formulation for gaseous stream emissions to the
atmosphere is sufficiently developed to be reported. In this model the hazard index used is
termed the potential impact factor, I. This is
defined to be the sum of the number of people
exposed to ambient pollutant levels, weighted
by the ambient POOH exposure, wherever the

I • ~ P•PDC>Hi·dA; PDOHi<:!:0.1

.

1

Here, i denotes a pollutant species, P is the exposed population (function of A), PDOHi is the
ambient potential degree of hazard as defined in
the SAM/I model (also function of A), and A denotes the area of integration, defined as being
that area where PDOHi exceeds 0.1.
The same Gaussian dispersion model used in
SAM/I is employed to estimate PDOHi as a function of distance for the discharge. However, in
SAM/II source characteristics (stack height, effluent flow rate) are not parameterized and
model sources are not defined. Instead, these
characteristics are treated as user-supplied inputs.
Table 8 is an example of the use of this impact
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TABLE 7. POOH AND PTUDR FOR UTILITY BOILER FLUE GAS (INORGANIC): SAM/I

MEG
Category
32
36
41
42
45
46
47
49
50
51
53
54
55
62
65
69
71
72

74
78
81
82
83

Component
Be
Ba
Tl

co

Sn
Pb

NOx

NH4
As
Sb

Bi
S02
S03
S04
Se
Te
Ti

v

Mo
Mn
Fe
Co
Cu
Zn
Cd
Hg

Flue Gas
Concentration
(µg/dscm)
9.0
2250
2.6
3.07 x 104
6.4
74
1.16 x 106
10. 5
95
3.9
44
4.18 x 106
1.45 x 104
6500
9.9
4.1
6100
260
150
240
4.5 x 104
66
280
420'
1.8
3.1

AL Gm:
Health
(µg/m3)

POOH: a
Health

0.01
1.0
0.24
1.0 x 104
0.24
0.36
100
43
0.005
1.2
0.7
80
2.4
2.4
0.03
0.24
14
1.2
12
12
107
0.10
0.50
9.5
0.02

0.09
2.3
0.011
0.003
0.03
0.20
12
2.4 x 10-4
19
0.003
0.063
52
6.0
2.7
3.3
0.017
0.44
0.22
0.012
0.020
0.42
0.66
0.56
0.044
0.090
0.31

0.01

TOTAL

100

PTUDR:b
Health
(Mg/s)

0 .16

0.83
1.3
3.6
0.42
0.19
0.23

6.7

aDilution factor of 1000· POOH = Concentration
'
1000 x ALGm
bFlue gas flow rate of 69.3 kg/s.

the addition of particulate phase sulfates, trace
elements, and polynuclear aromatic compounds
were used in the calculation, along with estimates of nationwide urban and rural population
densities. The table shows, not surprisingly,
that coal-fll'ed utility and industrial sources
dominate the potential hazard ranking.

factor formulation in ranking the potential environmental hazard of stationary combustion
sources.7 The table shows calculated potential
impact factor for flue gas emissions of the calculated 10 potentially most hazardous sources.
Total emissions estimates for the criteria pollutants- NOx, SOx, CO, and hydrocarbon - with
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TABLE 8. POTENTIAL IMPACT FACTOR RANKING FOR STATIONARY CONVENTIONAL
COMBUSTION SOURCES: FLUE GAS EMISSIONS

Potential Impact Factor

Equipment Type/Fuel
1.
2.
3.
4.

5.

6.
7.
8.
9.

10.

Small Watertube Stoker -~ Coal
Small Firetube Stoker -- Coal
Tangential Utility -- Coal
Wall Fired Utility -- Coal
Wall Fired Industrial -- Coal
Large Watertube Stoker -- Coal
Vertical &Stoker -- Coal
Cyclone Utility -- Coal
Opposed Utility -- Coal
Tangential Utility -- Oil

6.7
5.6
1. 9
1.1
7.8
7.6
5.7
4.1
2.1
2.7

SUMMARY

3.

A series of source analysis models for
evaluating tiered environmental assessment
sampling and chemical analysis results in terms
of quantifying the potential environmental impact of a discharge stream or pollutant source is
under development. Elements of the form of
each of these have been presented and illustrated through several example applications
demonstrating potential uses in an environmental assessment.

4.

5.
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INTERAGENCY RESEARCH ON THE ENVIRONMENTAL TRANSPORT AND
EFFECTS OF SYNFUELS-RELATED SUBSTANCES
W. Gene Tucker*
Industrial Environmental Research Laboratory,
U.S. Environmental Protection Agency, Research Triangle Park, North Carolina
and
Gerald J. Rausa
Energy Effects Division,
U.S. Environmental Protection Agency, Washington, D.C.

50 deal with synthetic fuels processes or substances that could be released from synfuels
production or use. For purposes of this presenta·
tion, 20 of those projects were briefiy described.
These projects were selected to illustrate the
breadth of ongoing research in the biological
and physical sciences and how it complements
the Environmental Assessment and Environ·
mental Control Technology programs that were
the primary topics of this symposium.
The projects were organized into four general
areas:
• Human health effects
• Ecological effects
• Transport and fate
• Measurement and instrumentation
The projects that were discussed are listed in
Tables 1 through 4. Project personnel and reference documents are listed for those who are in·
terested in obtaining detailed information on
the individual projects.
There is potential for mutual benefit from
greater contact between some of these projects
and the various synfuels environmental assess·
ments being sponsored by the U.S. Environmental Protection Agency (EPA) and other Fed·
eral and private groups. A recommendation was
made that presentations on several transport
and effects projects be included on the program
for the next EPA synfuels symposium.

Abstract
The lnteragency Energy/Environment R&D
Program, initiated in late 1974, comprises over
300 major research and development projects
being conducted by 17 Federal agencies and de·
partments. The program is planned and coordi·
nated by the U.S. Environmental Protection
Agency's (EPA) Office of Research and Devel·
opment. The projects in this program cover a
wide spectrum of investigation-from basic and
applied research on the movement of energy-re·
lated substances through the environment and
their health and ecological effects, to development of systems for control of these substances,
to socioeconomic studies of the future impacts
of the U.S. energy development.
This presentation gave an overview of the ob·
jectives and the general status of selected proj·
ects under the interagency program. The projects described were selected to present a crosssection of the work being done on the health and
ecological effects, and transport through the
environment, of substances potentially released
by synthetic fuel production and use.
The presentation on this subject was made by
Dr. Tucker. He began by briefl,y reviewing the
history of the lnteragency Energy!Environmen·
tal R&D Program, the Federal agencies in·
valued, the energy processes of concern, and the
historical breakdown of funding for various research areas. Documentation of this informa·
tion is available in References 1 through 14.
Of the 20<J.plus projects sponsored under this
program that relate to the movement and fate of
substances in the environment and their effect
on human and ecological health, approximately

REFERENCES
1. lnteragency Energy/Environmental R&D

Program.

U.S.

Environmental Protection

Agency. EPA-600/7-77-007. March 1977.
2. Who's

Who in the lnteragency Energy/Environmental R&D Programs IV.
U.S. Environmental Protection Agency.

•Speaker.
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TABLE 1. SELECTED HUMAN HEALTH EFFECTS PROJECTS FROM THE
INTERAGENCY ENERGY/ENVIRONMENTAL R&D PROGRAM

PROJECT
Repository of Samples

CONTACT
D. L. Coffin

REFERENCE
7

EPA/HERL
Research Triangle Park
North Carolina 27711
(919) 541-2586
FTS 629-2586
Genetic and
Carcinogenic Hazards

Extrapolation and
Risk Assessment

Industrial Hygiene

Numerous contacts;
see ref. 3, pp. 9-10

3, 5, 6, 7' 8

D. G. Hoel
NIEHS
Research Triangle Park
North Carolina 27711
(919) 541-3441
FTS 629-3441

2, 3

A. Thomas
NIOSH
5600 Fishers Lane
Room 8-48
Rockville, MD 20857
(301) 443-3843

3, 7
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TABLE 2. SELECTED ECOLOGICAL EFFECTS PROJECTS FROM THE
INTERAGENCY ENERGY/ENVIRONMENTAL R&D PROGRAM

PROJECT
Aquatic Effects of
Synfuel Discharges

CONTACT

REFERENCE

K. E. Biesinger
EPA/ERL
6201 Congdon Blvd.
Duluth, MN 55804
(218) 727-6692
FTS 683-9512

3, 8

H. L. Bergman
University of Wyoming
Laramie, WY 82071
(307) 766-4330
Coastal Ecosystems

H. Tait
USFWS
NSTL Station, MS
(601) 688-2091
FTS 494-2091

39529

E. D. Schneider
EPA/ERL
South Ferry Road
Narragansett, RI
(401) 789-1071
FTS 838-4843

02882

3, 4, 5

Vegetative Stabilization
of Spent Shale
E. F. Harris
EPA/IERL
5555 Ridge Avenue
Cincinnati, OH 45268
(513) 68l•-4417
Subsidence from In-Situ
Coal Gasification

E. R. Bates
EPA/IERL
5555 Ridge Avenue
Cincinnati, OH 45268
(513) 684-4417
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7, 8

TABLE 3. SELECTED TRANSPORT AND FATE PROJECTS FROM THE
INTERAGENCY ENERGY/ENVIRONMENTAL R&D PROGRAM
PROJECT

Dynamics of Refinery/
Petrochemical Wastes
in Marine Waters

Dynamics of Refinery
Wastes in Lake Michigan

CONTACT

REFERENCE

H. M. McCannnon
DOE/OHER
Washington, D.C.
(301} 353-5547
FTS 233-5547

3, 5

20545

Same as above.

3, 5

TABLE 4. SELECTED MEASUREMENT AND INSTRUMENTATION PROJECTS
FROM THE INTERAGENCY ENERGY/ENVIRONMENTAL R&D PROGRAM

PROJECT
Secondary Organic Air
Pollutants from Gasif ication Plants

Composition of Synfuel
Wastes

Portable GC for
Organics

Standard Reference
Materials

CONTACT

REFERENCE

R. K. Patterson
EPA/ESRL
Research Triangle Park
North Carolina 27711
{919) 541-2254
FTS 629-2254
A. Alford
EPA/ERL
Athens, GA 30605
(404) 546-3525
FTS 250-3525

14

L. Doemeny
NIOSH
4676 Columbia Parkway
Cincinnati, OH 45226
FTS 684-4266
C. Gravatt
NBS
Washington,

3, 4

D.c.

{301) 921-3775
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DEPARTMENT OF ENERGY ENVIRONMENTAL ASSESSMENT PROGRAM
FOR COAL CONVERSION
F. E. Witmer
Environmental Control Technology Division,
U.S. Department of Energy, Washington, D.C.

Abstract

public issll.es are at stake, conclusions tend to be
judgmental and, of course, are sensitive to the
scenario under consideration. DOE has a complement of interdepartmental and intradepartmental activities to expand the data base, both
in the field and in terms of studies, to improve
the analysis process and the credibility of the
assessments. This presentation will overview
these evolving assessment processes.

Implicit in the U.S. Department of Energy's
(DOE) charge to foster the development of commercially viable coal gasification and liquefaction processes is the requirement that this technology be environmentally acceptable. While
wide-scale use of this technology over the next
several decades is not predicted, synfuel alternatives such as coal conversion will significantly
contribute to domestic energy supply over the
long term.
DOE's environmental assessment activity,
oriented toward evaluating the environmental
impact ultimately associated with a sizable synthetic fuels industry, is conducted to guide hereand-now RDIJD and policy decisions. A series of
time-phased environmental assessments parallel the development and scaleup of the technology. Major areas of environmental concern and
uncertainty are singled out in NEPA documentation that accompanies scaleup activity. Environmental concerns that go beyond current
regulatory and siting requirements for energy
technologies are addressed in DOE documents
including environmental development plans
that are prepared for each emerging technology.
Individual, detailed project milestones require
formalized environmental status reports to ensure that environmental concerns and issues are
satisfied.
It is the objective of DOE environmental assessment to look beyond the single demonstration plant facility and to project the potential
impact of a mature coal conversion industry.
Such an assessment is complex and ambitious.
It involves integrating and synthesizing a number of environmental factors-emission, effluent, and solid waste source characterizations,·
control capabilities; health effect determinations; anticipation of regulatory requirements;
resource demands; social-economic considerations,· and cost-benefit analyses.
Because complex technical, economic, and

INTRODUCTION

Webster defines assessment as the act of determining the importance, size, or value of a
given thing. The U.S. Department of Energy's
(DOE) environmental assessment activity is concerned with:
• Evaluating human and ecological effects of
the environmental intrusions that are associated with energy conversion processes,
especially those involving coal conversion;
• Fully characterizing the nature of these pollutant releases; and
• Determining the efficacy and practicability
of control technology that is deployed to mitigate and limit such releases.
Obviously, assessment is highly dependent on
the qualities singled out in accounting. In the
area of synfuels conversion, considerable effort
is needed to help define and quantify the controlling environmental qualities. Ideally, the assessment will key to those areas where significant environmental impacts are experienced.
In this presentation I hope to:
• Briefly outline some of the obvious difficulties confronting an environmental assessment activity, the primary one being the
lack of hard operating data for synfuels facilities;
• Describe the manner and means by which
DOE is forming a set of interdisciplinary
teams to address a series of process/sitespecific environmental characterizations to
43

DOE ENVIRONMENTAL ASSESSMENT PROGRAM FOR COAL CONVERSION
aACKGROUND
• MOVING TARGEn AND COM,LEXITY OF PERFORMING OVERALL INDUSTRY
ORIENTED AllEl&MENT
• EVOLVING DOE ORGANIZATION
• DEVEL°'ING ENVIRONMENTAL AllUIMENT 'ROGRAM
'ROCEDURES TO ENSURE •ENVIRONMENTAL ACCEPTABILITY"
• 'LANNING ANO OOCOMENTATION
• COMPLIANCE REGULATIONS - OFFICE OF FOSSIL ENERGY PROGRAMS IFEPI
• FUTURE STANDARDS AND COMMERCIALIZATION IMPACTS - ASSISTANT
IECAETARY FOR ENVIRONMENT IASEVI
• PROCElllllTE SPECIFIC CHARACTERIZATION AND AllEllMENTS
ON·GOING ACTIVITIES
• BASE l'ROGRAM HIGHLIGHTS
• CONTROL TECHNOLOGY AllEllMENTS

Figure 1. DOE environmental assessment program for coal conversion.

fulfill the aforementioned data need; and
• Indicate the important and significant role
generic environmental (core program) R&D
has had and will continue to have on such an
endeavor (Figure 1).
The intent is to recognize the diverse environmental assessment and acquisition activity ongoing within the department.

energy and environmental goals are inseparable.
One should take a systems approach in arriving at "preferred energy choices." "Environmentally acceptable," "economically achievable," and "preferred choices" are "soft," qualitative terms that are in the process of acquiring
quantitative meaning as legislation is implemented and new energy options and concomitant environmental regulations develop. But
this takes time. With synfuels there are presently a number of moving targets: changing
resource availability, improvements to and new
processes for the technology, promulgation, and
tightening of environmental standards, and
changing economic climate. In addition to
"uncertainty" because of the evolving nature of
the technology and boundary conditions in
which the technology must operate is the uncertainty associated with incomplete knowledge.
This is especially critical to the life sciences, to
allow prediction of long-term human health and
ecological impacts. The situation is complicated
by an overlap of largely subjective socialeconomic value judgments and of speculative
future energy resource demands.
In an ideal decisionmaking process, comprehensive environmental assessment of "benefits"
vs. "costs" might be made to establish priorities
for energy options. One could envision the selection of individual "benefit" criteria (energy

BACKGROUND

Public Law 95-91, which on August 5, 1977
created the U.S. Department of Energy (DOE),
charges the Agency with promoting and developing "environmentally acceptable" energy
technologies. Recent legislation to further guide
EPA regulatory efforts in the area of emissions,
the Clean Air Act Amendments of 1977, speaks
of encouraging the use of best control technology that is "economically achievable." DOE's
main thrust is to provide and support economic
energy options, while EPA is dedicated to
preserving and improving the quality of the environment, cost and resource considerations
having been of critical although secondary import. Administration officials indicate that incre!lsed attention is to be given to economic and
resource considerations in the setting of emissions standards. This is as it should be, for ideaJly DOE and EPA form a true complement in sustaining and improving life quality. Enhanced
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Figure 2. Examples of control synergisms.

availability, jobs, affluence) and correspondiiig
"cost" criteria (environmental control costs,
health and safety risks, loss in aesthetics, etc.).
The weak link in such a comparison is the
assignment of weighing factors and, ultimately,
values to "equate" the individual criterion. At
present one is left with "apples and oranges."
Thus, the assessment by necessity becomes subjective and judgmental.

fluents, and solid waste boundary conditions,
which control plant design and operation, are
mQltival~_ed. Jn ~any instances, the function
and performance of the environmental control
processes are multipollutant-oriented (Figure 2).
Thus, even with characterization of control
hardware, analysis of cost-effectiveness relative
to complying with a set or series of environmental standards is exceedingly complex and not
wholly practical.
In scrutinizing environmental process control
costs in such a manner one must consider total
energy costs. When processes are compared, it
is erroneous to compare only environmental
control costs. Quite conceivably, an overall process systems tradeoff may exist with low costs

Environmental Control•

In the area of environmental controls, as technology becomes more efficient, one might compare process control cost and emission level for
a· single pollutant. Real-world emissions, ef45

plant is located in an industrial area that is already highly contaminated, the contribution of
pilot plant being insignificant relative to the existing baseline. Again, the question arises of
how representative the operations of a pilot facility are relative to a full-scale plant. Ecologieal
effects tend to be regional, site and process, specific. This erects an additional barrier against
meaningful ecological input to overall technology assessment.

associated with the coal conversion train bal·
anced by high environmental control costs and
vice versa. Because pollution regulations are
boundary conditions, (i.e., specifications similar,
say, to product purity) that must be met by the
coal conversion process as integral parts to the
overall process, scientists are cautioned against
segregating pollution controls from the rest of
the process.
Occupational and Public Health Effects

Assessment Methodologies

As one can appreciate, the health inputs to a
cost-benefit analysis are several orders more
difficult. All of the coal conversion processes involve bioactive materials (both organics and
trace elements) that have not been previously
produced on the scale envisaged for commercial
synfuels operations. Many of the potentially
adverse human effects are low-level and take
years to diagnose and quantify. Human (i.e.,
worker) exposure in pilot-plant operations
represents an exceedingly small "window" in
time and exposure and, because of the developmental nature of such pilot operations, they cannot be considered truly representative of commercial synfuels activity. Existing sister industries: e.g., coking and petroleum industries,
are being drawn on to provide quidance. For the
present, one must resort to progressively more
sophisticated biological screening tests and
make the tenuous extrapolation to man. This
should not be construed to say that synfuels is
in a unique position because with increasing
vigilance toward toxic and bioactive materials
(RCRA and TSCA), a number of established industries are and will be subject to similar
mammal-to-man extrapolations. Emphasis is
placed on the considerable progress being made
in facilitating this animal-man linkage as part of
DOE's base/core research program. In the
human health area, the present state of
knowledge and statistical base are too uncertain
to quantitatively translate worker and ambientexposure levels into sickness, disease, and loss
of life, except in insolated cases.

Regional and national environmental impact
assessments suffer from similar uncertainties;
e.g., the accuracy of the dispersion models used
in analysis and assumed pollutant source releases. Perhaps the weakest link, for want of
better input data, is the energy development
scenario and concomitant source terms. Normally, the synfuels technologies are expected to
comply with assumed standards, with nonregulated pollutants considered in a cursory manner.
The resultant predicted ambient emission levels
are no better than these assumptions. They will,
however, give some index of potential ambient
"hot-spots" and regional problem areas. The
real uncertainty in the evaluation is how this
data translates to human health effects and life
quality. This uncertainty has been the same
problem EPA has had to wrestle with and has
dealt with primarily through the pragmatic approach of going to standards oriented at "best
available control technology" at the point of
release (e.g., as in the case of the utility industry). One can probably expect a similar ap·
proach with synfuels.
Thus, the various inputs to comprehensive
environmental assessment of future coal conversion industry (e.g., control technology,
health, ecological, social, economic, and resource
considerations) are at various stages of development, making it difficult to grant creditability
to any overall future environmental assessment.
The approach DOE is taking with this difficult problem is to integrate the environmental
assessment activity with specific technology
and projects activities, with generic-related environmental research providing complementary
support. The organization, the methodology
and ongoing environmental assessment activi:
ties, including general support activities, will be

Ecological Effects

A similar situation exists in extrapolating
ecological effects observed in pilot operations to
full-scale facilities. In many instances, the pilot
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discussed. These activities provide target environmental assessments that will ultimately
rule on the "environmental acceptability" of a
candidate technology.

quirements, with ASEV exercising overview responsibility and implementing a comprehensive
research program oriented to environmental effects. ASEV has in large part assumed an anticipatory role in assessing the environmental im- .
pact of commercialization activities and future
standards, with ASET providing consultation.
The end product of such assessment activity
provides complete input and support to DOE
policy decisions. It is useful to single out major
organizational components within DOE's synfuels environmental assessment along with key
personnel (Figure 6). The responsibility for site
and process activities (e.g., NEPA requirements
[EIS], securing permits, meeting compliance
standards both for discharges and plant operation) resides with the FEP project officer, with
assistance from an environmental support
group within FEP. For environmental information-gathering and assessment activities beyond
those legally required for plant operation, FEP
looks for support from ASEV.

DOE ORGANIZATION AND
ENVIRONMENTAL OOALS
The Department has been in existence for
about 18 mo. It was created primarily to integrate and consolidate the Federal energy programs then distributed among several agencies
with differing energy mandates and objectives.
·_While the basic structure has been formalized,
responsibilities are still being refined by assistant secretaryships (Figure 3). Responsibility for
past synfuels environmental activities has mainly resided with the Assistant Secretary for Environment (ASEV) and Fossil Energy Programs
(FEP) organizations (Figures 4 and 5). The fact
that environmental concern naturally spreads
from top management to the line-divisions that
are developing the technology has rightly led to
considerable environmental activity outside of
ASEV. What has developed is a logical interface
based on line-divisions having primary responsibility for meeting NEPA and compliance re-

METHODOLOGY OF ENSURING
ENVIRONMENTAL ACCEPTABILITY
Major DOE programmatic efforts are re-
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Figure 6. Project/site-oriented environmental synfuel assessments-major participants.

quired to have a technology program task definition for budgeting and scheduling, consistent
with the developmental sequence necessary to
advance and evaluate the technology. An environmental development plan (EDP) is prepared
to accompany and supplement the technology
program plan to assure that anticipated environmental uncertainties are addressed and
become part of the DOE program at each stage
of development, as appropriate (Figure 7). The
synfuel EDPs have been prepared jointly by
ASEV and FEP. Early versions of EDPs (FY
1977 and 1978), because of the difficulty of
achieving a meaningful technology-environmental couple, listed environmental concerns
and requirements and tentative milestones for

addressing the concerns but did not assign
priorities or funding requirements to the
specific tasks. Subsequent update is anticipated
to outline environmental priorities along with
budgetary requirements.
The technology program (e.g., liquefaction,
high-Btu gasification, and low/intermediate-Btu
gasification) is comprised of a series of processspecific projects with individual milestones and
timelines. As a project evolves from early R&D,
a series of developmental stages are oriented
toward scaleup and ultimate commercialization.
At each major phase of such a system acquisition train, ASEV, in an overview function, prepares an environmental readiness document
(ERO), which critically reviews the environmen-
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tal status of the developmental project and emphasizes environmental gaps that may exist and
that require resolution (Figure 8).
The resolution of environmental uncertainties that still may exist when a process is
brought to pilot and/or demoscale is addressed
in a site- and process-specific environmental
characterization and assessment. An example of
such an activity is the Gasifiers-in-Industry Environmental Assessment program currently
conducted by Oak Ridge National Laboratory
(ORNL) for ASEV, which will be reported on
later. A series of field-oriented environmental
plans are currently in preparation for major
FEP projects; e.g., H-Coal, SRC, and high-Btu
gasification. It should be noted that these
process-specific environmental evaluations are
developed jointly with FEP in concert with advice and counsel from EPA and NIOSH. Suffice
it to say that DOE does not consider "environmental acceptability" and "meeting current
compliance standards" synonymous. Thus, DOE
has initiated a hierarchy of program control
documentation and planning to assure that environmental requirements are systematically
addressed in the synfuels process development
sequence. What, of course, is needed now is implementation of these planning exercises in concert with pilot, demo, and commercial plant activities. Hard data above and beyond that re-

quired for compliance purposes are critically
needed. It is emphasized that normal emission
releases, effluent discharges, solid waste dis~
posal practice, and ecological characterizations
for facility operations can be adequately
handled under existing regulatory licensing and
permit procedures. The direction the detailed
incremental field environmental characterizations take must respond to the technical direction and priorities assigned to the individual
processes by FEP technologists and DOE
energy planners.
ONGOING ENVIRONMENTAL ACTIVITIES

While comprehensive, process-specific environmental assessment studies constitute a relatively new undertaking, DOE has had a broadbased environmental characterization and assessment program for the emerging synfuels
processes. Varied generic RD&D activity within
ASEV and FEP has laid a foundation for much
of the process-specific joint activity currently
underway. In recognition of ongoing environmental support activity, select recent accomplishments of various groups are highlighted
(Figures 9 and 10), the organizational and functional relation between groups having been
previously identified. Detailed information
relating to ongoing inter- and intra-DOE en-
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HEAL TH EFFECTS RESEARCH
• DEVELOPED WIDELY USED AMES-TEST BIOLOGICAL IMU1lGENICI SCREENING
PROTOCOLS
• DETERMINED THAT SYNFUEL BIOACTIVITY DISPROPORTIONATELY RESIDES IN
BASIC FRACTION (E.G. 90% OF BIOACTIVITY IN 111% OF MATERIAL)

e

VERIFIED THAT HUMAN CELL IN VITRO (OUT OF BOOYI 810 SCREENING
REPRESENTIVE OF IN VIVO (IN BODYI RESULTS

e

DEVELOPED SCREENING TESTS (SKIN GRAFT TECHNIQUEll WHICH PERMIT
ANIMAL·HUMAN RESPONSES TO IE COMPARED

POLLUTANT CHARACTERIZATION• SAFETY

e DEVELOPED PORTABLE SPILL MONITOR FOR AROMATIC COMPOUNDS

Figure 9. Select accomplishments DOE base/generic environmental program.

ECOLOGICAL RESEARCH

e DEVELOPED PREDICTIVE AND MODELING CAPABILITY FOR NUCLEAR FALLOUT
PHENOMENA
• MODELED MULTl·POLLUTANT REGIONAL IMPACT (INCLUDING ACID RAINI
ENVIRONMENTAL CONTROL TECHNOLOGY
• CORROBORATED DESIGN ADEQUACY OF SYNFUEL PROCESSES ICOALCON, DRY BOTTOM
ASH LURGI ETC.)
• SINGLED OUT AREAS OF SECONDARY CONCERN IWASTEWATER, IOLIDS DISPOSAL I
SYSTEMS ENGINEERING

e DEVELOPED PROCEDURAL GUIDELINES FOR FIELD BASELINE MONITORING
• QUANTIFIED WATER RESOURCE IMPACTS (INCLUDING USE OF SALINE WATERSI FOR
SYNFUEL FACILITIES

Figure 10. Select accomplishments DOE base/generic environmental program (continued).

vironmental efforts are well documented in
publications, annual reports, and symposia proceedings. While highlights are shown of several
activities, I am not familiar enough with them to
discu11 in detail these activities and their
EH&S ramifications.
In recognition of the depth of the individual
program within DOE and the types of generic: activity in which a single organizational entity

is involved, I have taken the liberty of selecting
representative synfuel-related activities within
the Environmental Control Technology Division
(ECT). This seems fitting considering the engineering orientation of this symposium.
ECT assessment studies have attempted to .
parallel major scaleup activities within industry
and within FEP. Proposed gasification and liquefaction facility designs have been analyzed
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CURRENT STANDARDS
GENERIC, PROCESS
ORIENTED ISSUES

FUTURE STANDARDS

• COMPLIANCE STANDARDS WILL
BE MET.

e

• UNCERTAINTY WITH REGARD TO
SOLIDS DISPOSAL TECHNIQUES
RESULTING FROM RCRA.

• USE OF CONTAMINATED WATERS IN
COOLING TOWERS MAY BE PRE·
CLUDED.

TIGHTER CONTROL OF REFRACTORY
ORGANICS CONTAINED IN AQUEOUS
EFFLUENTS MAY BE EXERCISED ITSCAI.

e PROCESS SLUDGES, BLOW-DOWNS AND
EVAPORATION POND SLUDGES MAY
REQUIRE TREATMENT IRCRAI.

SITE SPECIFIC
ISSUES

• TO BE ADDRESSED IN EIS.

• UNKNOWN AT PRESENT

• REVIEW OF DETAILED DESIGN
AND OPERATING PROCEDURES
TO ENSURE COMPLIANCE.
• ON-SITE CHARACTERIZATION
TO VERIFY.

Figure 11. Perceived adequacy of environmental control technology for gasification.

CURRENT STANDARDS

FUTURE STANDARDS

GENERIC, PROCESS
ORIENTED ISSUES

SAME AS GASIFICATION PLUS

SAME AS GASIFICATION

SITE SPECIFIC
ISSUES

SAME AS GASIFICATION

• TRANSPORTATION AND
HANDLING OF HIGH BOILING
AROMATIC FUELS MAY POSE
SPECIAL PROBLEMS, I.E.
SPILL CONTROL AND CLEANUP ETC.

UNKNOWN AT PRESENT

Figure 12. Perceived adequacy of environmental control technology for liquefaction.

from the standpoint of meeting compliance
standards and evolving NSPS for the reference
technology. Most of these studies come to the
same conclusion; namely, that the proposed environmental control processes appear adequate,
except for some minor uncertainties that can

only be resolved through in-plant monitoring
and surveillance (Figures 11 and 12). Of course,
the cost of implementing the control options is
the subject of debate.
Uncertainty exists regarding future standards relating to evolving TSCA and RCRA im53
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Figura 13. Composition of select coal gasification wast$Watars.
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Figura 14. Schematic drawing of batch ozonatlon system.
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plications with respect to effluents and solid
wastes. Several programs ongoing within ECT
point the way toward control options to meet
more stringent standards in a cost-effective
manner. As the technical and economic feasibility of these process variations is confirmed,
·development and scaleup is picked up by FEP,
at their option.
One· area of concern in coal conversion is, of
course, process water contamination. The condensate waters from liquefaction and quench
waters from gasification typically contain a high
organic loading. While nearly all the organics
are biodegradable, a trace fraction of ring-structured compounds (50 to 100 ppb) that resist conventional biological treatment usually remains
(Figure 13). Carbon and char adsorption and
ozonation are being explored as polishing steps
to reduce the level of these trace compounds not

currently regulated (Figures 14 and 15).
Biological screening tests are being performed
to determine sensitivity thresholds for these
materials along with high-sensitivity gas
chromatographic analysis to determine actual
compounds. An alternative to intensive wastewater post-treatments is water reuse within the
process proper. Concentration processes such
-as freezing and membrane separation are being
investigated to maintain water balance and to
produce a concentrated contaminated aqueous
stream as input to an entrained gasifier (or thermal oxidizer) where the organics are gasified
and salts are collected with the slag (Figure 16).
Wastewater quality requirements for cooling
tower concentration operations are being evaluated.
Another area of more immediate concern is
the impact of RCRA on coal conversion wastes
(gasifier slag and water treatment sludge disposal). A screening program is underway to determine if gasifier slags would be classified as
hazardous under candidate EPA protocols.
While preliminary tests indicate slags from entrained gasifiers may not be classified as hazardous under the procedure, DOE does not endorse meaningfulness or relationship of the protocols relative to actual land fill operations. In
my judgment, ecological and field characterization studies are in order to verify true environmental acceptability of waste disposal
practice. Wastewater treatment sludges will be
characterized as quantities of these particular
materials become available.
Improved control technology for hydrocarbon
control in tail gases and within gasifier sulfur
scavenger options is being investigated (Figures 17 and 18). Controls for auxiliary operations such as boiler/power plants are being
evaluated under a family of assessments
oriented toward power generation.
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SUMMARY

DOE incorporates all required compliance environmental, health, and safety safeguard monitoring and assessment within the project proper as the responsibility of the FEP line-division
and process operator. As an additional precautionary measure, overview responsibility has
been granted OOE's own internal environmental group, ASEV, to advise and assist the linedivision in these matters. DOE feels, however,
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Figure 15. Screening tests-ozonation of
hydrocarbonlzatlon wastewater (effect of
gas flow rate).
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f"1gure 16. Candidate gas-liquor wastewater reuse options.
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NO.

DESCRIPTION OF PROCESSES

APPROXIMATE COST
l~/1a6 Btu SNG)b

TECHNICAL FEASIBILITY
FOR THIS APPLICATION

1

INCINERATION IN A COAL·FIRED BOILER

2

INCINERATION IN A BOILER USING
DESULFURIZED MEDIUM-Btu GAS

3

CATALYTIC INCINERATION

6

UNPROVED

4

AQUA CLAUS PROCESS

c

UNPROVED

(EPA Reference C1sel

4

GOOD

11

GOOD

6

HOT CARBONATE SCRUBBING

42

DOUBTFUL

8

COLD WATER SCRUBBING

68

DOUBTFUL

7

CUPROUS AMMONIUM SOLUTION ABSORPTION

18

DOUBTFULd

8

ADSORPTION

9

CRYOGENIC SEPARATION

10

c
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c
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DOUBTFUL

"MOST Of THE PROCESSES LISTED HERE HAVE NOT BEEN DEMONSTRATED IN THIS TYPE Of APl'LICATION AND CANNOT BE CONSIDERED
AVAILABLE FOR COMMERCIAL USE.
bcosT INCLUOES BOTH CAPITAL AND OPERATING CHARGES.
clNSUFFICIENT DATA TO PERMIT COST ESTIMATION IN THIS APl'LICATION.
dTHIS PROCESS REMOVES DNL Y CO.
CONTRACTOR-OR NL

Figure 17. Approximate cost of candidate hydrocarbon and CO emissions
control for Lurgi-type SNG plants. 8

that "environmental acceptability" of a given
energy technology goes beyond meeting hereand-now compliance standards. One must determine the potential environmental impact of a
mature industry, operating under future environmental regulations. To support this activity,
DOE has initiated a series of detailed processspecific field-oriented environmental character-

izations on advancing synfuel technologies. A
multidiscipline systems approach has evolved
deploying specialists in conversion technology,
control processes, health and safety, plant
operations, ecology, and systems analysis. Each
of these specialities is being supported by a
strong, ongoing generic program.
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NIOSH PROGRAMS FOR EVALUATION AND CONTROL OF INDUSTRIAL
HYGIENE HAZARDS IN COAL CONVERSION*
James Evans
Enviro Control, Inc., Rockville, Maryland
and
Barry Pallay
National Institute for Occupational Safety and Health, Morgantown, West Virginia

Abstract

INTRODUCTION

It is well known that hazardous chemical, substances and physical, agents are present in coal,
liquefaction and gasification and that the potential for occupational, exposure is high. To make
certain that the workers in this new industry
will be protected, NIOSH first had defined practical, means of protecting the worker and now
has initiated a multidisciplinary, in-depth assessment of occupational hea/,th characteristics
and control technology for these conversion
processes through their principal, investigator,
Enviro Contro~ Inc. This paper summarizes the
efforts to date.
The first NIOSH work was directed toward
protecting the worker from apparent problems.
This effort and its results are defined in the
documents, Recommended Health and Safety
Guidelines for Coal Gasification Plants and Criteria for a Recommended Standard: Occupational Exposures in Coal Gasification Plants.
This is currently being followed by three indepth studies: Industrial, Hygiene Characterization of Coal, Gasification Plants, Industrial
Hygiene Characterization of Coal, Liquefaction
Plants, and the Assessment of Engineering
Control Technology for Goa/, Gasification and
Liquefaction. This paper describes the techniques used for sampling and ana/,yzing in liquefaction and gasification plants and for the
ultimate use of the data. The interdependency of
the two characterization projects with the Engineering Control Project will a/,so be discussed.
While hard data are not included in this paper,
sufficient information will be available to show
the direction the three projects are taking.

The National Institute for Occupational Safety and Health (NIOSH) has been interested in
studying coal liquefaction and coal gasification
since 1975. The basic objective of NIOSH, and of
the studies to be described, is to protect the
safety and health of American workers.
NIOSH has implemented programs to achieve
this objective through the development of a real
understanding of what the workers are exposed
to, and through promoting better measures that
will avoid occupational exposures.
Hazardous chemical substances and physical
agents are known to be present in coal liquefaction and gasification operations, and the potential for occupational exposure is high (see
Tables 1 and 2). Because of this potential for occupational exposures, NIOSH undertook to prepare safety and health criteria documents even
before the results of longer term detailed technical studies were available. Thus, the criteria
documents represent rough cuts at a standard
for coal conversion processes based on the best
available information at the time. These documents may be revised as other studies including
those to be described in this paper are completed.

THE NIOSH STUDY PROGRAM
The first NIOSH study resulted in the document, Recommended Hea/,th and Safety Guide·
lines for Coal, Gasification !';,lot Plants. 1 This
was followed by Criteria for a Recommended
Standard.· Occupational, Exposures in Coal Gasification Pl.ants. 2 Both were done by Enviro
Control under the direction of NIOSH Project
Officer Mr. Murray Cohen. Currently, JRB,

*Unpresented paper.
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TABLE 1. POTENTIAL OCCUPATIONAL EXPOSURES IN HIGH-Btu
COAL GASIFICATIONS

Potential Exposures

Un1t Process
Coal handling and preparation

Coal dust, noise, and fire

Coal feeding

Coal dust, noise, gaseous toxicants, and
asphyxia

Gasifier operation

Coal dust, high-pressure hot raw gas, highoressure oxygen, high-pressure steam, fire,
and noise

Ash removal

Heat stress, high-pressure steam, highpressure oxygen under impact conditions,
hot ash, and dust

Quenching

High-pressure hot raw gas, hot tar, hot
tar oil, hot gas liquor, fire, and noise

Sh1ft conversion

High-pressure hot raw gas, high-pressure
hot shifted gas, high-oressure steam, tar,
tar oil (naphtha), hydrogen cyanide, fire,
catalyst dust, and heat stress

Gas cooling

High-pressure hot raw gas, hot tar, hot
tar oil, hot gas-liquor, fire, heat stress,
and noise

Gas purification

Sul fur-containing gases, methanol • naphtha,
cryogenic temperatures, high-pressure
steam, and noise

Methanati on

High-pressure Rectisol product gas. highpressure methanated gas, steam, nickel
carbonyl, nickel catalyst dust, fire, and
noise

Su Hur remova 1

Hydrogen sulfide, other sulfides and
sulfur oxides
'

Gas-liquor separation

Noise, tar oil, tar, and gas-liquor with
high concentrations of ohenols, ammonia,
h~dr~gen cyanide, hydrogen sulfide. carbon
dioxide, and trace elements

Phenol and ammonia ·recovery

Pheno~s. anmonia, acid gases, gas-liouor,
ammonia recovery solvent. and fire

Byproduct storage

Tar, tar oil, phenols, ammonia, methano1.
phenol-recovery solvent, and fire
!National tnst1tute for dccuoational Safety and Health, cr1teria for a
Reco11111ended Standard ... Occuoational Exoosures in Coal Gasification 51ants
OHEW (NIOSH), Publication No. 78-191, September, 1978, po 32-33.
'
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TABLE 2. POTENTIAL OCCUPATIONAL EXPOSURES IN COAL LIQUEFACTION*

Potential Exposures

UI'! f t· Process

Coal dust, noise, fire, inhalation of combustion products.
Coal dust, noise, middle distillate.
High-pressure hydrogen, highpress'ure hot coa 1 s 1urry, raw gas,
fire.
High-pressure hot gas, acid gas,
light oils, naphthas, middle oils,
hot high-pressure slurry, oilliquor, noise, steam, fire.
Precoat dust, light oil, hot
slurry, hot middle oil, hot filtrate, hot filter cake, solvent,
dissolved and undissolved coal,
steam, noise, heat, fire.
Hot filtrate, hot naphtha, hot
middle distillate, hot process
solvent, hot solvent refined coal,
vapors from SRC coo 1i ng, SRC dust,
steam, noise, fire.
Filter cake, oil-liquor, hot oil,
char dust, combustion gas, inert
gas, steam, noise, fire.
Amnonia, carbon dioxide, carbon
monoxide, hydrogen cyanide, hydrogen sulfide, hot raw gas, trace
elements, high-pressure steam,
char and coal dust, noise, fire,
trace elements.
High-pressure hot raw gas, highpressure hot shifted gas, highpressure steam, hydrogen sulfide,
hydrogen cyanide, fire, catalyst
dust, heat stress.
High-pressure hot raw gas, hot
condensate, fire, heat stress,
noise.

Coal handling and preparation
Coal slurrying
Coal dissolving
Liquid product flashing and
gas recycle
Filtration

Product distillation

Solvent Recovery
Gasification

Shift conversion

Gas cooling
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TABLE 2 (continued}

Potential Exposures

Unit Process

Gas purification

Methanation

Sulfur removal

Hydrotreating

Oil-liquor separation

Phenol and arrmonia recovery
Byproduct storage, handling.
cleanup

* Taken

Sulfur-containing gases, methanol,
oil condensate, cryogenic temperatures, ·refrigerant gases, highpressure steam, noise.
High-pressure Rectisol product
gas, high-pressure methanated
gas, steam, nickel carbonyl,
nickel-catalyst dust, fire, noise.
Hydrogen sulfide, other sulfides,
and sulfur oxides.
Hot naphtha, hot middle distillates, hot synthesis gas, highpressure steam, sour water, acid
gas, catalyst dust, fire, noise,
heat.
Coal oils, oil-liquor with high
concentrations of phenols am. h~drogen cyanide, hydro'
monia,
gen sulfide, carbon dioxide,
trace elements, noise.
Pheno~s, ammo~ia, acid gases,
oil-liquor, fire, peroxide compound explosion hazard.
Tar, SRC-~ solid product, hydrogenated oils, phenols, ammonia,
benzene-type light methanol,
phenol recovery solvent, fire.

from an interim draft report prepared on NIOSH Contract

No. 210-78-0101.
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under the direction of NIOSH criteria manager
Mr. Lynne Harris, is preparing a criteria document recommending standards for occupational
exposures in coal liquefaction plants. NIOSH
Medical Officer Dr. William McKay is preparing
a medical protocol designed to identify the appropriate means of medical monitoring in present and future coal plants. Arthur D. Little, on a
contract directed by Dr. McKay, has prepared
some of the material for the medical protocol.
And Enviro Control, under the direction of
NIOSH Project· Officer Mr. William Todd, is
conducting a study entitled Respiratory Protection in Coal Preparation Plants. Since relatively
little specific information is currently available
regarding occupational exposures and health effects of coal conversion, the NIOSH criteria documents on gasification and the liquefaction document being prepared make no attempt to develop permissible levels of exposure to toxic
substances specific to coal conversion plants.
Rather, they recommend that applicable existing Federal occupational exposure limits (or
NIOSH recommendations) be observed. The
documents also recommend that specific safety
procedures, engineering controls, work practices, workplace monitoring, medical surveillance, personal protective clothing and equipment, sanitation, labeling and posting, and
informing employees of hazards and recordkeeping be considered. The NIOSH documents
include specific information on these recommendations. They also note the need for research efforts to determine and project potential exposures and, in particular, the need for industrial
hygiene and control technology efforts.
·
NIOSH has several coal studies in progress,
including the following, which are the subject of
this paper:
.
• A Study of Coal Liquefaction Processes:
Coal Liquefaction and Industrial Hygiene
Characterizations (Contract 78-0101).
NIOSH Project Officer: Mr. Barry Pallay.
• Industrial Hygiene Characterization of Coal
Gasification Plants <Contract 78-0040).
NIOSH Project Officer: Mr. Barry Pallay. ·
• Control Technology Assessment for Coal
Gasification and Liquefaction Processes
(Contract 78-0084). NIOSH Project Officer:
Mr. James Gideon.
In order to develop a program of this magnitude at this particular moment when the coal

conversion program in the United States is not
past the pilot-plant stage, two questions had to
be answered. First, Why bother now? Second
(and perhaps the more serious question), Can
sufficient information be obtained from the pilot
plants to assess potential occupational health
exposures in demonstration or commercial operations?
In response to the first question, the time for
obtaining this information is now, before demonstration plants or commercial plants have
been built, to enable management and labor to
focus on the development of better work practices and engineering controls, which will result
in a more healthful workplace environment.
NIOSH, the U.S. Department of Energy (DOE),
the U.S. Environmental Protection Agency
(EPA), industry, and labor all agree that it is
preferable to have the controls built into the
plants in the design and construction stage,
rather than to retrofit them at a later date at
great expense and after workers have been exposed.
This approach is particularly appropriate to
the coal conversion industry, as it now stands.
We are interested in identifying what the
workers may be exposed to, in determining
what the exposure levels may be, and then in
identifying cost-effecUve controls that will
reduce or eliminate these exposures, promote
productivity, and enhance the feasibility of coal
conversion technology being implemented on a
commercial scale.
As to the second question, those conducting
the study must thoroughly understand the differences between a pilot-plant facility and a
demonstration or commercial installation. A
pilot plant is designed to obtain engineering
data to optimize operating conditions or to provide information on specific process feasibility
and practicality. A commercial plant is designed
for economical operation. Pilot-plant equipment
and operation is not optimized but rather is selected to allow varied test conditions. Often the
equipment does not function adequately at the
conditions found to exist during the testing.
More potential exposure exists in pilot plants, if
only because they are continuously going onstream and offstream, either to change programs, to change layouts, or to repair equipment. In general, the pilot-plant layout is more
compact and does not utilize all elements that
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was the Cresap test facility located in Cresap,
West Virginia, and operated by the Liquefied
Coal Development Corporation. This process includes low-pressure hydrogen donor solvent
transfer and catalytic hydrogenation of the solvent-refined coal. The third plant selected was
the H-Coal pilot plant located in Catlettsburg,
Kentucky, and operated by the Ashland Oil
Company; this process includes direct high-pressure catalytic hydrogenation of coal. The location of the fourth process has not been finalized.
For the coal gasification characterization
studies, the Synthane plant located in Bruceton,
Pennsylvania, was to have been the high-Btu
plant, and the Combustion Engineering entrained-bed facility located at Windsor, Connecticut, was to have been utilized for the lowBtu characterization study. In addition, the industrial hygiene characterization data was expected to be available through the Gasifiers in
Industry program at the University of Minnesota at Duluth facility. This facility uses a fixed-bed, stoic low-Btu gasifier.
To date, walk-through surveys have been
completed at the SRC facility, the Cresap facility, the Synthane facility, and the Combustion
Engineering facility. However, the survey at
the Synthane plant was not completed when
DOE shut down the facility in December 1978. A
replacement for Synthane will be selected.
Since the H-Coal pilot plant will not be in operation until 1980, no survey has been scheduled
there.
The walk-through surveys are made to test
sampling and analytical methodology, and to define the range and level of toxicants in the pilotplant workplace. Pilot plants often do not have
predictable operating schedules. Therefore, to
facilitate the program, walk-through surveys
are sometimes carried out under the conditions
at which the pilot plants then happen to be operating. Sometimes conditions are not at steady
state. Data taken at nonsteady-state operations
are usually adequate for range-finding purposes
but might be misleading if used for other purposes. Therefore, DOE and NIOSH agreed that
these data would not be published and would be
used only for the development of the sampling
plan and methodology for the comprehensive
studies.
Coal conversion facilities contain at least
eight categories of toxic compounds, as shown
in Table 4. The walk-t_hrough surveys include_

would be installed at the commercial or demonstration level. Thus, it is important to remember that pilot plants are not small-scale replicas
of commercial plants. They are built to test certain defined parts of the process, using available
equipment, and do not represent the complete
commercial-scale process.
If this is understood, NIOSH, as well as other
agencies and industry, should be able to extrapolate industrial hygiene characterization information and control technology information from
the pilot operation to the demonstration and
possibly to the commercial plant. If successfully
extrapolated, then industry will be able to implement control designs to ensure the safety
and health of workers.

INDUSTRIAL HYGIENE
CHARACTERIZATION
The two industrial hygiene characterization
projects have four primary purposes:
• To determine potential worker exposures
from analysis of process streams, byproducts, and workplace levels of toxic materials;
the latter by area and personal sampling.
• To identify specific areas within plants
where carcinogens and other toxic chemical
and physical agents are concentrated by particular unit processes.
• To identify areas ·where control technology
assessment studies are now required or may
be required in the future.
• To extrapolate the data thus collected in
such a manner that anticipated worker exposures may be approximated at the demonstration plant level and at the commercial
plant level. .
Studies of coal liquefaction were to be made
on four different types of processes, including
noncatalytic high-pressure hydrogen transfer,
donor solvent process, catalytic hydrogenation,
and pyrolysis. Coal gasification characterizations were to include a high-Btu operation and a
low-Btu operation. The plants chosen for these
characterization studies are shown in Table 3.
The first to be studied was the solvent-refined
coal (SRC) process at the SRC pilot plant located
in Fort Lewis, Washington. The SRC-1 process
includes a high-pressure noncatalytic hydrogen
donor transfer type, while the SRC-11 process
includes high-pressure natural catalytic hydrogen donor transfer. The second plant chosen
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TABLE 3. COAL CONVERSION FACILITIES TO BE SURVEYED ON NIOSH
INDUSTRIAL HYGIENE CONTRACTS8

Processesb

Developing
Company

Location

Homina 1
Coal Feed
Rate

Status

liquefaction
Solvent Refined Coal

Pittsburg &Midway
Coal Mining Co.

Ft. Lewis. WA

50 t/d pilot
plant

600 t/d pilot
plant being
designed for
Morgantown, WV

Cresap Test Facility

Conoco Coal Developinent Co.

Cresap, WV

2D t/d pi lot
plant facil ity

Project tenainated June 79

H-Coal

Hydrocarbon Research,
Inc.

Catlettsburg,

Z00-600 t/d
pilot plant

Under construction

Synthane fluid Bed
Gas ificationc

LUlllllUS Co.

Bruceton, PA

72 t/d

Project terminated
Dec. 78

Coni>us lion Engineering
Entrained-Bed Gasifier

COlllbustion
Engineering (C-E)

Windsor, CH

120 t/d

Termination date
uncertain

CD

G11

KY

Gasification

aContracts 210-78-0101 and 210-78-0400.
bfourth liquefaction plant not yet selected.
cSince Synthane terminated, a replacement plant will be selected.

TABLE 4. TOXIC COMPOUNDS THAT MAY BE PRESENT AT
COAL GASIFICATION PLANTS

Category

Exa111ple

1. Polynuclear an..atics

Benz(a)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(e)pyrene
Chrysene
Dibenzo(a.h)pyrene
lndeno(l.2,3-cd)pyrene
Dibenz(a.h)anthracene
Dibenzo(a,Z)pyrene
7,12-Dimethylbenz(a)anthracene

2.

Polynuclear aza-heterocyclic cmapounds

Benz(c )acridine
Dibenz(a,h)acridine
Oibenz(a ,j)acridine

3.

Armiatic amines

l-Naphthyla11ine
2-Naphthyla•ine

4.

Nitrosainines

5.

Trace ele11ents

Antimony
Arsenic
Bari•
Beryllh•

Chromhn
Copper
Iron

Magnesillll

Manganese
Mercury
Nickel
Phosphorus

Seleni1111
Strontlm
TelluriU11
Vanadi11111

Cadmium

6.

Particulates

Organic solubles
Particle sizing
Respirable and total particulates

1.

Gases

""->nia
Arsine
Carbon dioxide
Carbon disulfide
Carbon monoxide
Carbonyl sulfide

8.

Other organics

Aldehydes
Benzene
Cresols
Hercaptans
Methyl thiophene
Toluene
Xylenes

Carbonyls
Cobalt
Hydrogen cyanide
Hydrogen sulfide
Iron

Hickel

Hf tric

oxide
Nitrogen dioxide
Sulfur dioxide
Thiophene

sampling for polynuclear aromatic hydrocarbon
(PNA) materials, aromatics, trace metals, particulates including coal dust and benzene solubles, aromatic amines, various gases, and hydrocarbon vapors. Thermal stress and noise
levels are also noted.
The walk-through sampling for PNAs is conducted using closed-face 35-mm cassettes
(shown in Figure 1) consisting of a silver membrane, a stainless steel screen, chromosorb 102
sorbent, and a cellulose support pad. Mass flow
through the cassette is controlled by a critical
orifice calibrated at 9.2 L/min. Sampling is conducted at breathing zone level for 8-hr sampling
periods. To comply with the need to use intrinsically safe equipment at the pilot plants, air·
driven pumps are used. These pumps are rela·
tively small, simple, rugged, and inexpensive.
No difficulty has occurred in using this equipment since the pilot plants have plant air piped
to all sections. Personal sampling for PNAs is
performed during the detailed surveys and uses
the train shown in Figure 2 with an MSA Model
S high-flow pump run at 2 Lhnin for 8 hr.
PVC filters are used to collect samples of
total particulates, and cellulose acetate filters
are used for trace metals. Flow rates are
2 L/min. For respirable dust sampling, the
closed-face cassette is preceded in the sampling
train by a miniature cyclone to remove nonrespirable particulates. Flow rates are 1.7 L/min

and MSA Model S high-flow pumps are used.
Charcoaltubes are used to collect· samples ol
organics such as benzene and toluene: silica gel
tubes are used for aromatic amines, phenols,
and cresols. Low-flow MSA C-200 pumps call·
brated at 100 mL/min are used for charcoal and
silica gel. MSA and Draeger detector tubes are
used to check for the presence of toxic gases
such as H~. S02, CO, C02, N0 2, HCN, NH8,
CS2, arsine, and mercaptans.
PNA samples were analyzed by the Iowa
State Hygienic Laboratory, located at the
University of Iowa, under subcontract to Enviro. The analytic methods used are described
in the·literature. However, the analysis of the
pilot-plant PNA material was not straightfor··
ward and required developmental work before
the complex mixtures found in plant process
samples could be characterized. A paper describing the analytical procedures is being de·
veloped for presentation. It is sufficient to say
that Iowa State Hygiene Laboratory has devel·
oped a combination of gas chromatography/
mass spectrometry and high-pressure liquid
chromatography for the analysis. They are able
to back up these analyses by using glass capil·
lary column chromatography as defined by
White et al.8
After reviewing the sample results from the
SRC plant walk-through and current toxicity
studies (primarily Ames tests) being carried out

Cassette (37 rrm 1.0.)

Critical orifice

and adapter

I

1f
lL

Ce 11 ul ose Support

_J

Pa1!

Chromosorb 102

I

I ver
sn

Stain1 ess steel screen

Figure 1. High-volume •mplng device for PNA.
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membrane

Cassette (37 mm I.D.)
Glass wool

~

Tygon tubing

I

Chromosorb 102

JL

1/4" OD
glass tubing

'

Cellulose gasket

Cellulose gasket

Silver membrane

Figure 2. Personal monitoring device for PNA.

CONTROL TECHNOLOGY ASSESSMENT

at Oak Ridge National Laboratories and at Battelle-Northwest Laboratory, NIOSH and Enviro scientists recommended that the comprehensive sampling studies should concentrate
aild prioritize sampling and analytical efforts.
PNAs were considered highest priority, followed in descending order by aromatic amines;
hazardous gases such as CO and H2S; hydrocarbons such as benzene, toluene, and xylene; particulates; and trace metals.
While NIOSH had originally stated that the
presence or absence of nitrosamines should also
be investigated, a low priority was placed on
this analysis, especially in the complex mixture
potentially present at the pilot plants. Research
Triangle Institute's technical staff has since
pointed out that nitrosamines are not present in
their bench-scale reactor and are not expected
to be present in other gasification or liquefaction facilities.
The walk-through studies indicate that, although operating pilot plants have a pervasive
asphalt-like odor, in general the benzene-soluble
content of the atmospheric samples is well below the NIOSH-recommended standards. A first
examination of these data also indicates that
there is a direct relationship between benzenesoluble material in the atmosphere and housekeeping, leaking equipment notwithstanding.

The control technology assessment (CTA)
program for coal gasification and coal liquefaction has three prime objectives:
• To bring together as much information as
possible on the control technology related to
coal gasification and liquefaction.
• To evaluate this information and publish it
along with recommendations for further research.
• To use this information as one means of protecting the workers.
To accomplish these ends, we are examining
the following categories of control technology:
• Category I: Elimination by substitution of
unit process or hazardous material.
• Category ll: Application of current technology to specific equipment designed to contain emissions.
• Category Ill: Devices to control hazardous
emissions once they enter the work environment.
• Category IV: Controls used to isolate the
worker or prevent contact with the agent.
• Category V: Monitoring systems that warn
workers of hazards and initiate corrective
measures.
T~s study attempts to examine all aspects of
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the proce11es that might lead to exposures of
the workers and will examine mean• of prevent·
ing these exposures. In short, we will attempt to
look at the conditions and chemiatr7 of the proc·
eas and must examine almost every aspect of
equipment deaign- aeala, flanges, packing,
valves, rotating equipment, etc. It may be asked
how this study differs from the documents that
have already been completed, such as the .Recom7M11d«l Health and Safety Guidelines for
Coal Gaaification PUot Plants and Criteria for a
Recommended Standard: Occupational Exposwws in Coal Gaaification Plants. The question
is valid and baa been raised several times.
For the pilot-plant document, NIOSH at·
tempted to determine where and why work·
place emissions occur in order to alleviate such
emission sources. The emphasis in the criteria
document was on the technology currently
available for commercialization (i.e., Lurgi).
Those studies also made a thorough investiga·
tion into what was currently known about the
toxicology and epidemiology of coal conversion
products. The control technology assessment
program has two central ideas. First, if better
equipment design can reduce emissions, there
will be less worker exposure. Second, if equipment maintenance requirements can be re·
duced, there also will be less worker exposure.
The CTA study focuses on the process and,
more particularly, on the equipuient itselfwhat the technical problems are, what is being
or can be done about these problems to reduce
the emissions, what is being developed in the
pilot plants, as well as what is commercially
available t.oday. We will also atteuipt to define
the problems that may lead to worker exposure
and may require further research. The CTA
study is not a traditional industrial hygiene
survey: few samples will be taken. However,
this study and the two characterization studies
previously described were designed to comple·
ment each other, so that a maximum amount of
information could be cross-correlated.
In order to obtain the information required
for the CTA study, NIOSH/Enviro investigators
plan to make approximately 40 site visits, including coal liquefaction and coal gasification
pilot plants, which will be visited in conjunction
with the industrial hygiene survey visits. In
gathering information for this study, we will
visit architectural and engineering firms such
as Dravo and Fluor, which have extensive ex·

perience in the design and construction of these
plants; we will talk.with the designers of demonstration plants such as the Conoco Slagging
Lurgi and the SRC-11 operation: we will visit
several plants operating or being constructed
under the Gasifiers in Industry program; and
we will visit the ANG Coal Gasification Company, which, in 1980, may begin construction of
the first high-Btu coal gasification plant in the
world, providing proper Federal Energy Regulatory Commission (FERC) permits are forthcoming this summer.
We will also visit commercial installations
with analogous processing systems, such as
petroleum refineries and ammonia-manufacturing operations. With the exception of several
low-Btu facilities, we will not be able to visit an
operating commercial gasification facility in this
country; therefore, we hope to visit several operations in Europe that we have not seen be·
fore. We also hope to benefit from several proj·
eets initiated by DOE, including those that look
into the instrumentation needs of demonstra·
tion and commercial facilities and into the
availability of commercially sized equipment.
When making the. site visit, the NIOSHJEn~
viro team first gathers as much information as
possible concerning the site. If we are visiting
an operating facility, we generally have the opportunity to inspect the facility in detail and, at
the same time, to take a number of samples with
direct-reading instruments, primarily for carbon monoxide and organic vapors. (At the three
plant sites visited thus far-Combustion Engineering, SRC, and Cresap-we have been unable to find detectable measurements of either
the light organic vapors or carbon monoxide, expect in a hot well and over an open manhole in a
vessel that contained water saturated with carbon monoxide.) We then have the opportunity to
talk with supervisors, engineers, and workers
at the site about various processing, operation,
and mechanical problems. We base our conversations on a pre-prepared site-specific questionnaire, which is generally used to start the conversation and to lead us into areas where little
or no information has been reported in the
literature.
To date we have made six such visits: Combustion Engineering Entrained Bed Gasifier in
Windsor, Connecticuti.., Solvent-Refined Coal
Pilot Plant in Ft. Lewis, Washington: Synthetic
Fuels Pilot Plant in Cresap, West Virginia:
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ity. The parameters for obtaining this data have
not been established. Thus, if the data are obtained properly and the proper means of extrapolation are used, we should be able to provide
sufficient information so plants can be built with
emission levels lower than the current anticipated levels.
In summary, it must be recognized that these
three programs are a pioneering effort. Never
before has NIOSH had the opportunity to take
pilot-plant industrial hygiene data and extrapolate it for the protection of future workers in
what we see as a future major industry. As this
precommercialization effort moves forward, we
expect that, through the combined efforts of all
of the participating individuals and all of the
programs, we will obtain sufficient information
regarding potential occupational hazards and
their control to not only ensure the health and
safety of workers in the coal conversion industry but also to establish it in a cost-effective
manner.

Dravo Corporation's Synthetic Fuels Division in
Pittsburgh, Pennsylvania; Synthane Pilot Plant
in Bruceton, Pennsylvania; and Synthoil POU in
Bruceton, Pennsylvania.
As anticipated, many of the ·coal conversion
operations have similar problems with similar
pieces of equipment; for instance, valves passing high-pressure three-phase liquids erode
rapidly. Pumps are another area where severe
erosion problems occur. Conventional pump impellers and volutes erode out within days.
Several of the plants are investigated hardsurface applications on the pump interiors; they
are also looking at a number of different solutions to the onmipresent pump seal problem.
These efforts do not seem to be tightly coordinated, and information is slow in traveling
from one facility to another. In this area alone,
we would hope that our efforts will provide a
significant contribution, where the net result of
our efforts will be an integrated report on all
that we have learned, as well as our assessment
of the best ideas currently available and the
pressing needs for future research.
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With the integration of the coal gasification
and coal liquefaction industrial hygiene characterization studies and the CTA studies, we hope
to relate detailed analysis of emissions with
process, operating, and mechanical problems. In
other words, we now have the opportunity to
develop an understanding of the real breadth
and depth of the potential occupational health
problem in coal conversion.
The information available from the CTA
studies will be invaluable to the industrial hygiene studies, particularly for the extrapolation
of the sampling data from the pilot plant up to
the commercial operation. Industrial hygiene
data from the pilot-plant situation has never
been extrapolated to a commercially sized facil-
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EPRI CLEAN FUEL PROGRAM
S. B. Alpert• and B. M. Louks
Electric Power Research Institute,
Palo Alto, California

Abstract
The EPRI program has been underway for
several years. It is aimed at furthering the development of advanced systems that can provide clean synthetic fuels from coal that can be
used to generate power. The EPR1 program and
its technical and economic methodology wiU be
described A key consideration is the benefit to
the environment. The technical and economic
attractiveness of technology and the ability of
new techno'logy to satisfy existing and projected environmental standards are also considered
The environmental assessment of the technology with regard to plant siting and fuel utilization is best handled as an essential portion of
the R&D contract. Unrelated environmental assessment can be counterproductive and wastefu4 especially in situations where assessments
are made for technologies that ultimately fail to
meet technical and economic goals in pilot plant
test programs.

EPRI expects from an integrated R&D program
aimed at commercial acceptance in the power industry. In order to receive the attention of the
EPRI staff, each of these items needs to be addressed and dealt with in the R&D program
that is to be carried out. Table 2 provides a list
of factors that need to be addressed in process
evaluations and that are optimized during program development.

COAL LIQUEFACTION

GENERAL OBJECTIVES

In general, orderly program development
begins with bench-scale equipment to prove the
technological feasibility, moves to operation of
integrated process development units, and culminates in large pilot-plant testing at the 100- to
500-ton/day scale to set the design of commercial plants. Two coal liquefaction pilot plants are
under construction, each of which represents
about 1,000 construction and management personnel. The cost to the participants in these
first-of-a-kind facilities is $100 million. The
operation of the pilot plants and the associated
support R&D represent a total cost of about
one-quarter of a billion dollars. Such programs
are expensive and highly risky. Until they are
successfully operated for a significant period of
time using the design coal that is to be used in a
commerical plant, there is a chance of technical
failure. Table 3 is an outline of types of synthetic fuels by potential market applications of
interest to utilities.
A partial list of key technical issues that remain to be resolved in the R&D program for
producing clean liquid and solid fuels is shown
in Table 4. I shall not discuss in any detail this
simplified list, but it indicates that a number of
significant technical issues remain to be solved
before coal liquefaction technology reaches a
state of readiness wherein we can confidently
construct commercial plants.

Table 1 provides a list of deliverables that

Incentives For Coal Uquld Fuels

INTRODUCTION
For 5 yr the Advanced Fossil Power Systems
Department has been directing and managing
the research and development for new advanced systems that have potential application
to the production of electric power. These
systems need to be cost-competitive and must
satisfy increasingly tight enviromental standards. Major emphasis has been on flexibility in
using U.S. coals in these R&D projects.
This paper describes the EPRI program in
coal liquids and gaseous fuels and the methodology used to assess technology and to implement the environmental program associated
with the development of advanced systems.

•Speaker.

Coal liquefaction offers the utility industry an
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TABLE 1. DELIVERABLES FROM A PROCESS-ORIENTED R8tD PROGRAM
I

CORRELATIONS AND DATA SUMMARY OF EXPERIENCE

I

ADEFINITION

OF OPERABLE AND INOPERABLE COMBINATIONS OF

PROCESS VARIABLES
I

SUSTAINED DURATION OPERATIONS AT DESIGN CONDITIONS

I

ENGINEERING DATA ON DESIGN FEED NEEDED FOR SCALE-UP

I

A SERIES OF COMMERCIAL PLANT EVALUATIONS

I

AN OPERATING AND MAINTENANCE MANUAL

I

A SKILLED TEAM OF SPECIALISTS

TABLE 2. FACTORS REQUIRING OPTIMIZATION IN PROCESSES

PRODUCT VALUE

FUEL BALANCE

PRODUCT SLATE AND MARKETS

WASTE STEAM CLEANUP

CAPITAL COST, OPERATING COST

HYDROGEN, UTILITY GENERATION

THERMAL EFFICIENCY

INTEGRATION OF RECYCLE STREAM

STEAM BALANCE

QuALITY OF RECYCLE STREAMS

. TABLE 3. SYNTHETIC FUELS OF INTEREST TO UTILITIES

FUEL TYPE

PROCESS

POTENTIAL MARKETS

METHANOL

TURBINE FUELS

DISTILLATE
BOILER
FUELS

HYDROTREATED FRACTIONS
FROM:
• H-COAL
• EXXON

FRACTIONS FROM:
• H-COAL
• EXXON DONOR
SOLVENT
1 SRC-II

HEAVY LIQUID

FRACTIONS FROM:

BOILER FUELS

•. H-COAL
•

SOLID BOILER
FUEL

I

PEAKING COMBUSTION
TURBINE

I

COMBUSTION TURBINES
INTERMEDIATE LOAD
COMBINED CYCLE UNITS

I

I
I

I

RETROFIT GAS FIRED
BOILERS
RETROFIT OIL BOILERS
FOR PEAKING SERVICE
RETROFIT EXISTING OIL
FIRED BASE LOAD UNITS

EXXON
Do NOR
SOLVENT

SOLVENT REFINED
COAL
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I

RETROFIT EXISTING
INTERMEDIATE LOAD PLANT

I

SPECIFICALLY DESIGNED
SIMPLIFIED BASE LOAD
PLANTS

TABLE 4. MAJOR AREAS REQUIRING OPTIMIZATION
AND TECHNICAL RESOLUTION

I

PROCESS APPLICATION TO A VARIETY OF COALS

I

SOLIDS SEPARATION (SOLIDJ HEAVY FUEL OIL)

I

HYDROGEN PRODUCTION VIA GASIFICATION OF RESIDUES

I

FIRED SLURRY HEATER DESIGN

I

FEED SLURRY MIXING AND DRYING

I

VACUUM TOWER DESIGNS

I

LET DOWN VALVESJ PUMPS

I

PUMPS HANDLING SLURRIED COALJ PRODUCTS

option, based on domestic energy resources,
with which to meet its need for liquid fuels. In
1977, generation of electricity consumed 188,000
bbl/d of distillate fuels and 1,469,000 bbl/d of
residual oil (see Table 5). The National Electrical Reliability Council projects, in their
August 1978 report, that this requirement will
grow to 366,000 bbl/d and 1,809,000 bbl/d, respectively, by 1987. In addition, natural gas requirements that can be met by substituting
clean liquid fuels will decline from the 1977 level
of 1,209,000 bbl/d FOE (fuel oil equivalent) to a
still substantial 457 ,000 bbl/d FOE. This combination calls for 2,632,000 bbl/d of hydrocarbon
fuels in 1987 and perhaps 4,000,000 bbl/d by the
year 2000.
The same report discusses the potential for
additional requirements for liquid fuels because
of a 1- or 2-yr delay in completion of coal and
nuclear plants. If electricity growth averages
5.6 percent per year compounded, an additional
1,041,000 bbl/d could be required if such a delay
occurred. The experience of 1977, when liquid
fuels were utilized to cope with the combination
of a severe winter that curtailed natural gas
supplies used for power generation and a coal

strike, demonstrates that liquid fuels can be
quickly utilized to meet emergency situations.
Today, the planned installation of new oilfired steam boilers is essentially nil. Approximately 96,000 MW of capacity will remain in
place in 1987. These units were put into service
primarily in the mid-1960's and have 10 to 30 yr
of useful life remaining. Installed capacity of
liquid-fueled combined-cycle units is expected to
grow from 8,000 to 8,000 MW over this time
period. These units generate electricity more efficiently than conventional boilers. Combined
cycle capacity is projected to be used more extensively than in the past. As a result, the anticipated quantity of power ge~erated from
combined-cycle equipment may increase ninefold from 4 to 36 billion kWh. Unfortunately, the
future use of petroleum liquids for this kind of
operation bas been jeopardized by the recently
legislated Fuel Use Act. This act requires coal
to be used instead of petroleum for new power
stations.
Liquid fuels are attractive to utilities for the
following reasons:
• They are clean and satisfy environmental restrictions.
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TABLE 6. ELECTRIC UTILITY INDUSTRY USE
OF GASEOUS AND LIQUID FUELS

ACTUAL

ESTIMATED

1977
1987
OOO's BID FOE OOO's BID FOE
DISTILLATE OIL - STEAM
COMBUSTION TURBINE
COMB I NED Cvc LE

RESIDUAL OIL

- STEAM

- STEAM

SuB TOTAL

GAS

152
144

1,466

1,797

1
2

1
11

9

8

1,666

2,183

1,149
23
37

425

1,209

457

2,875

2,640

I

COMBUSTION TURBINE
COMB I NED CYCLE

CRUDE OIL

57
116
15

- STEAM

COMBUSTION TURBINE

COMBINED CYCLE
SuB TOTAL
GRAND TOTAL

75

70

9

23

• They are easily stored and transported.
• They have properties that can be tailored to
meet user requirements.
• They can be used in new combustion turbines and combined-cycle machines to meet
intermediate and peaking power requirements at lower cost than coal-fired plants.

The utility industry requires comprehensive,
large-scale, and long-term tests in utility equipment prior to accepting any new fuel. As an
example, the changeover from eastern coal to
western coal was traumatic for many utilities
because a large number of new maintenance
problems and emission control difficulties were
generated. In line with these requirements,
EPRI has set up a multitiered synthetic fuel
combustion test program to establish acceptable safe handling procedures. Large-scale utility test programs will require 10,000-40,000
bbl/d of fuel. Sustained test programs, which
will last approximately 6 mo, must await successful operation of demonstration or pioneer
commercial plants, which is not scheduled to occur until after 1985.
Based on EPRI tests performed to date, there
are data that indicate that coal-derived solid and
liquid fuels can be safely handled and completely combusted in existing utility boilers to avoid
exposure of the public to potentially harmful
aromatic chemical species.
Although obviously not a coal liquefaction
product, shale oil represents another synthetic
fuel option. During the last quarter of 1979, the
U.S. Department of Defense arranged with
Standard Oil of Ohio through the Paraho Development Corporation to refine 100,000 barrels of
raw shale oil. EPRI arranged for delivery of
4,500 barrels of the hydrotreated 700° F residue. This product will be used for a utility site
combustion test during 1979. Other test work is
underway using methanol in combustion turbine equipment at a utility site.

Technology Assessment For Coal-Derived
Processing Routes

EPRl's selection of major investment in the
Exxon EDS project ($30 million) and the H-Coal
project ($12 million) was based on a thorough
review of the processing route alternatives.
Based on the status of technological options, the
capabilities of the management and technical
teams, and the status of the technology, the
EDS and H-Coal routes were selected for major
support.
Actually, EPRI has had a similar investment
in supporting R&D for clean solid fuel via the
SRC-1 process. To date the support of the pilot
plant at Wilsonville has represented expenditures of about $17 million on the part of EPRI
over the last 5 yr.
Economic Assessments

There is no evidence to indicate that any
single liquefaction process offers a signi5cant
economic advantage over all others if the desired product slate is fixed. At our current level
of understanding, all leading process candidates, H-Coal, Exxon Donor Solvent, and SRC11, appear to produce a specified slate of products at approximately the same cost from a
given coal. The uncertainty in the absolute costs
is larger than the difference between processes
producing similar product slates and quality.
Thus, economic assessments do not aid in selection of technology choices; selection depends on
factors such as whether the deliverables can be
realized from the project by an experienced organization.

Environmental Tests And Issues
Plant Siting Issues-

A major purpose of the operation of the large
coal liquid pilot plants is to obtain information
required to design commercial plants that can
be sited at specific locations. Thus, each of the
major projects has recognized, as an essential
objective, the need to provide necessary design
data for commercial plants. It is not useful to
face the plant-siting issues if the technical
hurdles cause development to be abandoned.
Table 8 shows a list of recent process failures. It
is more efficient to address environmental questions when the basic process is developed.
Air quality will be monitored at the pilotplant sites. Water samples will be handled in

Combustion Testing Programs

Utilization of coal-derived fuels seems to offer
no more of a challenge than using any new fuel,
such as many low-sulfur fuel oils or low-sulfur
western coal. Test results on SRC-1 and SRC-11
fuels in utility tests are shown in Tables 6 and 7.
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TABLE 6. SRC-1 TEST RESULTS

FUEL

EMISSIONS

FUEL ANALYSES

%S

%N
PPM

PPM

COAL

0.88

1.44

1.01

319

0.47

315

SRC-1

0.71

1.60

0.97

335

0.40

320

TABLE 7. SRC-11 TEST RESULTS

Fu EL

PETROLEUM DERIVED
#6 FUEL OIL

NOX

FUEL ANALYSIS

EMISSIONS

Low NOx

%N

NORMAL BOILER
SETTING

BOILER SETTING

0.23

155

100

1.00

270

175

COAL DERIVED

SRC- I I
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rived from coal. The environmental program
should be integrated into the R&D program and
not performed by outside contractors having no
understanding of the technical development.
Elaborate measurement of effluents at the
bench scale and at the process development unit
scale of operations is useless. For example, the
elaborate programs on the Synthoil products
and Synthane processes were wasted because
they were terminated for a variety of reasons.
The detailed reports are filed away. Perhaps
the procedures and protocols will be useful, but
if the support had been used to solve a number
of technical problems, we might have had a bet·
ter chance of technical success.

· facilities either onsite or offsite, and solid
wastes will be analyzed and disposed to monitored landfills. The environmental aspects are
an essential part of these projects and are the
responsibility of the organization carrying out
the project.
It is not advisable to separate the environmental plant cleanup from the rest of the project. It is an essential part of the development
and cannot be assigned to a separate uninvolved
organization.

Fuel-Handling luueeHandling coal-derived fuels safely at utility
sites with proper protection of plant personnel
and the general public does not seem to represent formidable problems. Refineries and chemical plants have a long history of dealing with
similar fuels in a satisfactory and acceptable
manner. In this instance, the problem is of a
general nature and a program of research is
likely to be separable from the development of
specific technologies.

GASIFICATION FOR ELECTRIC POWER
GENERATION

Gasification is a process of converting a solid
fuel, such as coal, into a clean, easy to manage
gaseous product containing substantial quantities of carbon monoxide and hydrogen. This gas
can be processed further to produce transportable and storable fuels such as SNG and methanol, or it can be burned directly in an environmentally acceptable manner for electric power
generation.
There are two fundamentally different ways
in which coal gasification can be used for electric power generation. The most obvious method involves a total decoupling of the gasification
process from the power generation facility.
Examples of such systems are:
· • Gasification for SNG production;
• Gasification for methanol production; and
• A remotely located gasification plant supplying intermediate-Btu fuel gas over relatively short distances to be burned in conventional oil or gas-fired steam power
plants, combined-cycle equipment, or fuel
cells.
All of these options are technically viable.
However, studies conducted by EPRI and
others have shown that fuels produced in this
manner will be expensive and the overall effi.
ciency of converting coal to electric power will
be poor. Table 9 provides estimates of delivered
fuel costs and coal-to-power efficiencies for
some of the above options. Baaed on the relatively high fuel coats shown in Table 9, and considering current economic dispatch constraints,
it is clear that the above options will probably

Timing of Environmental Work
As indicated, there are still technological
hurdles in the development of clean fuels de-

TABLE 8. PROCESS FAILURES FOR
PRODUCING COAL LIQUIDS

COALCON
CLEAN SYNTHETIC FUELS CCSF)
GULF

CCL

SYNTHOIL
SOLVENT REFINED LIGNITE
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TABLE 9. FUEL COSTS AND EFRCIENCIES FOR DECOUPLED SYSTEMS

SNG

METHANOL
FROM COAL

INTERMEDIATE BTU GAS
FROM COAL

$6,00-$3.00

$6.00-$8.00

$3,50-$5.00

16.,000

15.,500

12.,000

21.3

22.0

28.4

FROM COAL

(OST OF FUEL DELIVERED
TO THE POWER PLANT SITE.,
$/MMBTu< 1 >
-:J

q:)

HEAT RATE.1 BTu/KWH
EFFICIENCY., PERCENT

(1)

MID

1976 DOLLARS; $1,00/MMBTU COAL., ILLINOIS #6 COAL,

come from the commerically proven ability to
remove all ammonia from the fuel gas by water
scrubbing, thereby essentially eliminating the
fuel-bound nitrogen.
Solid and liquid effluents from a GCC power
plant will be lower in quantity than from other
coal-based power generation technology. Solid
wastes will be limited essentially to a dry, inert
ash and liquid emuents will consist mainly of
low-volume purge water streams.
Finally, the total makeup water requirement
for a GCC power plant will be approximately 60
percent of that for a conventional coal-fired
steam plant because the bulk of the electric
power will be generated by the combustion turbines, which do not require condensers.

only be considered for _intermediate and peak
load service in the near future if direct coal firing continues to exist as an environmentally acceptable option for baseload power generation.
A possible exception to this conclusion could be
utility systems that have a large fraction of oilor gas-fired baseload equipment that can be retrofitted.
A second option that exists for applying coal
gasification technology to electric power generation is the concept of an integrated, dedicated power plant. The gasification plant would
be constructed at the power plant site, closely
coupled to the power-generating equipment.
Studies conducted by EPRI and others have
shown that integrated gasification/combinedcycle (GCCl power systems have the potential
for extremely efficient operation and for the
production of competitively priced baseload
electric power while providing an environmentally superior power plant.

Economics of Gasification/Combined-Cycle
Pow• Systems
Over the past 4 yr, EPRI has been examining
the costs associated with power production
from gasification/combined-cycle systems. Much
of this work has been conducted by Fluor Engineers and Constructors, Inc. Because of incomplete understanding of the effects of combustion
turbine performance on overall system efficiency, much of the initial effort concentrated on
GCC plants employing advanced high-temperature turbomachinery. Emphasis has recentiy
been redirected to consideration of the costs of
GCC power plant employing current technology
combustion turbines.
Also, earlier evaluations were aimed at identifying the gasification technologies offering the
greatest economic incentives for development.
The general conclusion reached from these initial studies was that the cost of electricity to be
expected from a GCC power system based on a
variety of second-generation gasification technologies would be somewhat unrelated to the
particular gasifier being used. On this basis, the
choice of a gasification technology to be
employed for the first commercial-seale planta
should be based on state of development and
downstream processing requirements imposed
on the power system rather than on economic
considerations alone. Based on this conclusion
and the status of various gasifier developments,
analytical effort at EPRI has concentrated on
the evaluation of Texaco gasification-based
systems.
Table 10 presents a performance and cost

Environmental Aspects of Gasification/
Combined-Cycle Power Plants
Gasification is a well-known technology for
converting coal into an ultra-clean, low- or intermediate-Btu fuel gas that is capable of meeting
the increasingly more stringent environmental
control requirements dictated by the Clean Air
Act Amendments of 1977.
During gasification, the bulk of the sulfur in
the coal is converted to hydrogen sulfide, which
can be removed from the fuel gas to practically
any extent required by any one of a number of
commercially proven liquid absorption processes.
Experimental evidence obtained from Texaco's Montebello pilot plant demonstrates that
particulate matter carried over from the gasifier into the fuel gas can be removed by water
scrubbing, bringing levels down orders of magnitude lower than either existing or particulate
emission control requirements.
Nitrogen oxide emissions from a GCC power
plant will be mainly a function of combustion
conditions in the turbine combustor. Proper
combustor design coupled with the relatively
low-firing temperatures of currently available
combustion turbines will tend to reduce NOx
emissions to levels below those required by current regulations. The contribution from the
gasification plant to reduced NOx emissions will
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TABLE 10. COST AND PERFORMANCE COMPARISON OF TEXACO-BASED GCC Pl.ANT
WITH A CONVENTIONAL COAL-FIRED POWER PLANT

TEXACO BASED GCC
PLANT WITH 2.,000°F
COMBUSTION TURBINE(l)
COAL TYPE

ILLINOIS #6

ILLINOIS BITUMINOUS

PLANT LocAT ION

ILLINOIS

WISCONSIN

EMISSION REGULATIONS

1976 EPA NSPS

1976 EPA fJSPS

MW

9.,100

l.,000
9.,900

ToTAL INSTALLED PLANT CosT., $/Kw< 3>

774

743

TOTAL CAPITAL REQUIREMENT., $/KW()) <4 >

903

906(S)

DESIGN CAPACITY.,
00
......

CONVENTIONAL COAL
FIRED PLANT WITH
STACK GAS SCRUBBERS( 2 )

DESIGN HEAT RATE., BTU/KWH

1.,000

(1)

BASED ON EVALUATIONS CONDUCTED BY FLUOR ENGINEERS AND CONSTRUCTORS., INC.
CRP-239) AND GENERAL ELECTRIC COMPANY CRP-986-3).

(2)

EPRI REPORT AF-1011., WORK PERFORMED BY BECHTEL NATIONAL., INC. CRP-1080-1).

(3)

Min-1978

(4)

INCLUDES CONSTRUCTION LOAN INTEREST., INVENTORY CAPITAL., START-UP COSTS,
ROYALTIES., INITIAL CATALYST AND CHEMICAL COSTS AND LAND,

(5)

DOES NOT INCLUDE THE COST OF LAND AND EQUIPMENT FOR SOLID WASTE DISPOSAL,

DOLLARS,
-

TABLE 11. ECONOMIC COMPARISON OF ELECTRICITY COSTS FROM
GASIFICATION/COMBINED-CYCLE PLANTS
(1976 DOLLARS)

PROCESS
CAPITAL, $/KW
00

N)

COAL FIRED POWER
PLANT WITH F,µ,o,
838

BGC
LURGI* SLAGGER

COMBUSTION
ENGINEERING

TEXACO

---

906

711

860

816

CosT OF SERVICES,
MILLS/KWH

a $1/MMlsTu

40.9

41.2

32.8

39.0

37.2

COAL @ $2/MMIBTU

51.2

51.4

41.6

47.6

46.5

CoAL

*WESTERN COAL

comparison of a Texaco-based GCC plant employing currently available combustion turbines
with a conventional coal-fired power plant using
nonregenerable limestone scrubbers for 802
emission control. Because these two cost estimates were prepared by different contractors
with designs based on somewhat different coals,
they are not strictly comparable. However, they
do demonstrate that the Texaco-based GCC
plant with available turbomachinery will be
more efficient than and cost-competitive with
conventional coal-fired technology based on
1976 environmental control requirements.
If environmental regulations become more
stringent (as they already have, based on EP A's
proposed regulations stemming from the Clean
Air Amendments of 1977), studies have shown
that the cost differential between GCC systems
and coal-fired plants will increase; i.e., the
economic incentives to build GCC plants will
become greater.

vested R&D funds. We have supported the
three technologies indicated in the last three
columns and have test work underway on these
three coal gasification processing routes.
Table 12 summarizes the steps underway,
with EPRI support, to further develop these
second-generation coal gasification processes.
Environmental Considerations

A large incentive for applying coal gasification/combined-cycle gasification technology to
the production of electric power is the ability to
cope with increased requirements for reducing
emissions to the lower levels mandated by regulatory agencies. In the opinion of EPRI, the
status of second-generation gasification of coal
is now at a point where 100-MW capacity plant
handling 1,000 tons/day of coal could be designed, constructed, and operated. Major objectives of such a project are the acquisition of data
required for siting even larger plants and the
complete assessment of the environmental effects of electric generation by such advanced
techniques.
Based on the status of Texaco gasification,
which has been operated at a scale of 150 tons/day both in the United States and in Western
Germany, support of a demonstration plant at a
California location is under negotiation. The
assessment of the environmental impact is one
of the major objectives of the demonstration
plant. While typical laboratory environmental

Economic Evaluations

The EPRI economic evaluations have been ,
extensive in order to direct the selection of gasification technologies to be supported. Table 11
summarizes costs of power from conceptual
plants based on a variety of coal gasification
processes. As can be seen, the second-generation processes offer competitive costs for electric power. In part, such economic analyses are
used to guide the projects in which EPRI has in-

TABLE 12. SECOND-GENERATION COAL GASIFICATION PROGRAMS

·PROCESS

PROGRAM

£oMBUSTION ENGINEERING

OPERATION OF 5-TON/HR. P.D.U. ON
EASTERN COAL1 VARIETY OF COALS1
ENRICHED AIR OPERATION

BGC

DYNAMIC TESTS USING
(300 Tio)

SLAGGER

TEXACO

U.S.

COAL

DYNAMIC AND ENVIRONMENTAL DATA

(15 r/o)
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bed, are of little importance or relevance. Here
again, environmental information is an essential
part of the project and cannot be separated
from the necessary R&D.

data, as shown in Table 13, provide some information, actual demonstration plant operations
are better data sources. Data from other gasification technologies, such as conventional fixed

TABLE 13. TYPICAL WATER BLOWDOWN QUALITY

pH
TOTAL ORGANIC CARBON
TOTAL INORGANIC CARBON

AMMONIA

8.7
230ppm
445ppm
1020ppm
492ppm
432ppm
264ppm
166 ppm
140 ppm
100 ppm
BO ppm
70ppm
69ppm
39ppm
31 ppm
20ppm
5.0 ppm
3.7 ppm

FORMATE
CHLORIDE
SULFIDE
SULFATE
CALCIUM
MAGNESIUM
SODIUM
THIOCYANATE
TH/OSULFATE
FLUORIDE
CYANIDE
ALUMINUM
SILICON
IRON
C6 t- VOLATILE ORGANICS
TOLUENE
BENZENE
ALL OTHERS

20ppb
10 pp/;
< 10 pp/}
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MONITORING AND TESTING PROGRAM OF LOW-Btu GASIFIERS
K. E. Cowser*
Oak Ridge National Laboratory, Oak Ridge, Tennessee
and
G. V. McGurl and R. W. Wood
U.S. Department of Energy, Washington, D.C.

Abstract

DOE requested that the Oak Ridge National
Laboratory (ORNL) develop for their consideration comprehensive, environmental, and health
· plans to study the UMD and PCD gasifiers.2 3
The final version of each plan incorporates U.S.
Environmental Protection Agency (EPA) and
National Institute for Occupational Safety and
Health (NIOSH) comments made through an Environmental Working Group, GII. Following is a
description of the monitoring and testing activities involved in developing the environmental and health data base.

Demonstration of low-Btu gasifier technology
includes an extensive environmental and health
study as part of the Gasifiers in Industry Program sponsored by the U.S. Department of Energy (DOE). Monitoring and testing plans have
been developed to investigate the gasifiers
located on the campus of the Umversity of
Minnesota-Duluth and in a planned community
development at Pike County, Kentucky.
Four generOl areas of study are emphasized in
the plans including on-line studies, in-plant
studies, and local area studies to be integrated
through multidisciplinary assessments. This
paper provides a description of the processes
and facilities, of the rationale for the environmental and health study, and of the principal program components. Results are li.mited
to startup experience at the UMD gasifier.

Characteristics of Program Plan

A number of environmental and health concerns in coal gasification were identified
previously by DOE and listed in an Environmental Development Plan.4 The issues and information requirements to satisfy these concerns for coal gasification were subsequently
enhanced by staff of the Assistant Secretary for
Environment, DOE. It was the latter determination of environmental and health tasks that was
used to guide plan development.
Design of the program plans is based upon
several premises:
• The study period will be limited to 3 yr;
• State-of-the-art capabilities in monitoring
and testing will be applied wherever practicable;
• The first-year program will emphasize scoping and screening activities to delineate the
requirements for more detailed investigations; and
• Program activities will be conducted without interrupting normal plant operation.
Although efforts will be made to utilize methods
and instruments already available, some development in monitoring and testing protocols may
be required to address unexpected problems.
Screening activities during the first year will be

INTRODUCTION
The Gasifier in Industry Program (Gii) of the
U.S. Department of Energy (DOE) is part of a
broader activity to develop and improve technologies for converting coal to synthetic gas and
liquid fuels. 1 Specifically, this program involves
demonstrating the integration of existing lowBtu gasification technology in various operational environments. State-of-art technology is
to be applied in six selected gasifier projects,
one located on the campus of the University of
Minnesota-Duluth (UMD) and another included
in a planned community development at Pike
County, Kentucky (PCK).
Information to be gathered during the demonstration period will consider questions of environmental acceptability as well as those related to technical and economic uncertainties.
*Speaker.
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with the potential impacts on health and environment and with the adequacy of environmental and engineering controls.
Because the study plans for the two gasifiers
are similar, subsequent descriptive material
focuses on the UMD facility. Discussion of the
PCK plant is limited to description of the process.

followed by detailed investigation of the major
concerns and important constituents, and by initiating monitoring and testing efforts into potential problem areas identified in the screening
studies.
Four general areas of study are emphasized
in the study plan: on-line studies, in-plant
studies, local area studies, and multidisciplinary
assessments that encompass the entire effort.
• On-line studies, or process characterization,
provide guidance for sample testing and information for control technology evaluation;
• In-plant studies provide information for occupational health controls and for correlations of potential to actual personnel exposures;
• Local area studies identify pollutant fate
and potential effects and confirm projections
based upon effluent monitoring; and
• Local impact assessments are concerned

PROCESS MEASUREMENTS
AND CONTROLS

Process conditions at the two projects will
differ in that different gasifiers, feed stock, and
environmental control systems will be used.
UMD Project

An existing oil-fired heating plant at UMD
has been converted to burn low-Btu gas pro-

ORNL-DWG. 78-13526 ·
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Figure 1 . Schematic diagram of University of Minnesota-Duluth heating plant.
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the Douglas site in Pike County, Kentucky, will
support a multi use community composed of residences, a hospital, a school, municipal buildings,
and industries. As such, it will initially provide
both hot and chilled water, and in the future,
low-Btu producer gas. The project, scheduled
for completion by early 1980, is shown schematically in Figure 3.
Two standard design, air blown, agitated
fixed-bed Wellman-Galusha gas producers will
be installed in this facility. Each has beeridesigned to handle 3,000 lb/hr of Pike County
coal selected to meet air effluent standards for
sulfur emissions. The producer gas will be individually piped to two steam-producing boilers.
Each gasifier system is capable of being operated independently or in parallel. A standby
supply of fuel oil will be used to meet excess demand. Steam from the boilers will be used to
produce hot and/or chilled water by the use of
three steam hot water convertors and two
steam absorption chilled water generators.
Kentucky bituminous coal from local Pike
County mines will supply the feedstock for the
plant. This relatively low-sulfur coal (0.8 to 2.0
percent) is in good supply and will be delivered
directly to the site by truck. A 30-day supply of
coal will be stored in a covered and floored
storage area and conveyed by front-end loader
to a coal feed pit outside the plant.
After screening and crushing, the coal will be
conveyed to storage bins, one for each gas producer. Coal will be injected into the gasifiers
through coal valves and will travel downwards
through a coal devolatilization stage, a reducing
zone, an oxidation zone, and an ash zone. Air
will be introduced through an annular water
jacket, become saturated with water vapor, and
enter the gasifier just below the slowly revolving eccentric grate.
Gas will exit the reactor at 1,000° to 1,200° F
into a cyclone where large particles of ash will
be removed. Gas can then be piped to two boilers to produce steam used to heat water or operate a steam absorption refrigeration unit or
sent to the gas cleaning system. Initial plans call
for the reactor gas to be utilized directly in the
boilers, with a gas desulfurization system coming on-line in the future. A secondary cyclone
separator will be utilized to remove the majority of the remaining particulate matter escaping
from the boilers with the combustion gases.

duced by coal gasification. 5 Tar byproducts from
the gasifier will be collected and used for peak
heating requirements in an existing oil-fired
boiler. The major components of the heating
plant, illustrated in Figure 1, include a coal
handling section, the gasifier, environmental
control devices, and the boiler-steam-off gas section.
A Wyoming bituminous coal from the Elkol
Mine, containing 6.6 percent ash and 0.5 percent
sulfur, will be the initial feed stock. Coal will be
received at the Duluth docks as 90 percent 1 1/4
in x 3/8 in, then screened and trucked to the
beating plant. Several other lignite and bituminous coals have been proposed for testing.
After tramp iron removal and another screening for fines removal, coal will be dropped
through purged lock hoppers into the gasifier.
The gasifier is a Foster-Wheeler, Stoic twostage design. Gas and tars are produced as the
coal falls through the 250° to l,100°F devolatilization zone and are removed from the top of the
gasifier. Combustion and gasification of the devolatilized coal in an 1,000° to 1,800° F zone, fed
by air and steam, produce bottom gas. Ash is removed beneath the gasifier from a water-filled
pan, which serves to quench the hot ash and seal
against operating pressure (less than 50 in H20l.
Top and bottom gases must be cleaned of tars
and particulates before combination into boiler
feed. Because bottom gas at 1,100° F is primarily laden with particulates, a hot cyclone removes the dust for storage or disposal. In contrast, top gas (250° F) will contain tars and some
particulates, which will be removed in a hot
electrostatic precipitator and stored in heated
underground tanks for use as boiler feed during
the winter months.
Two modified 25,000-lb/hr steam boilers will
burn low-Btu gas. Tars collected from the underflow of the electrostatic precipitator will be
burned directly in an existing 50,000-lb/hr Combustion Engineering boiler. Gas-fired boiler flue
gases vent to the main heating plant stack,
while tar-fired boiler flue gases vent to a stub
stack. Figure 2 shows the recently completed
addition of the gasifier to the heating plant, on
which shake-down test began October 24, 1978.

PCK Project
The gasifier plant now under construction at
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Figure 2 . University of M innesota-Duluth heating plant and coal gasifier .
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figure 3. Schematic diagram of Pike County coal gasification facility.

conditions, to evaluate the efficiency of environmental control technology, to identify limitations in sample size or analytical methodologies, to identify possible biological hazards in
potential fugitive emissions, and to establish
priorities for subsequent bioassay.
On-line instrumentation required for process
sampling and monitoring is summarized in
Table 1. Gas chromatographs will monitor the
primary gases (N 2, CO, C02, H2), water vapor,
and sulfur compounds (H 2S, COS, CS 2) at the
electrostatic precipitator, cyclone, and stack effluents. SOx and NOx will be monitored initially
in the main stack effluent. Grab samples and
samples classified by use of four special sampling trains will also be used in process and effluent characterization. Table 2 includes a
general description and the intended application of each sampling train. Twenty-three chemical and physical tests will be used initially in
characterizing some 400 process samples collected the first year.

Process Sampling and
Characterization - UM D

Numerous sampling points have been designated to achieve the requirements of process
measurements. Locations of each sampling
point at the UMD project are identified in the
flow schematic of the heating plant (Figure 4).
The details of process sampling and analyses
are described in the UMD product plan.2 In
general, process sampling strategy provides for
characterizing materials introduced into the
process, the intermediate or final product, and
the recycle or waste streams.
The sampling schedule, analytical procedures, and constituents or parameters to be
measured were chosen to allow early measurement of traditionally monitored or suspected
materials, and to maximize the probable detection of unexpected and hazardous constituents.
Results must be adequate to document process
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Figure 4. Flow schematic and sampling points for University of Minnesota-Duluth heating plant.

TABLE 1. ON-LINE INSTRUMENTATION FOR CONTINUOUS PROCESS MONITORING

Instrument

Monitored streams

Analysis

Gas chromatograph

l 3, 17
18, 20

N2 , CO, C02, C1, C2, C3
N2' 02, C0 2

Gas chromatograph

13, 17
18, 20

H20, H2
H20

Gas chromatograph

13, 17

H2 S, COS, CS 2 , methyl mercaptan,
ethyl mercaptan, thiopene

18, 20

502

Continuous monitor

18

SOX

/ORNL-DWG ~

Continuous monitor

18

NOX

\ 78-13533)

instruments providing real-time monitoring. A
partial listing of area monitors and their functions is provided in Table 3. Personnel monitoring defines the actual exposures. A variety of
standard industrial hygiene techniques employing filter cassettes and gas badges will be used
to define the time-weighted exposures to gaseous and particulate contaminants.
Medical surveillance is necessary to ensure
full protection of all personnel involved in
operating and maintaining the gasifier. Information recorded by such surveillance will be correlated with results of personnel monitoring
and become part of the assessment activity. The
University provides for complete physical examinations, with special attention given to skin
abnorD18lities and sputum cytology tests for employees at the gasifier .

OCCUPATIONAL EXPOSURE
AND EFFECTS

Potential exposure of man in the working environment includes consideration of plant area
controls and effects on man if exposures occur.
Monitoring and testing activities thus involve
the requirements of worker protection and the
potential effects of exposure to primary effluents and fugitive emissions.
Plant Area Sampling and
Characterlzation-UMD

The primary objective of an industrial
hygiene program is to recognize, evaluate, and
. control exposures that may be capable of producing overt health effects. An industrial
· hygiene and medical surveillance program has
been established in cooperation with the University. The University has prime responsibility for protecting the health of its employees,
and we have participated to complement the
University requirements and to provide information for occupational health control assessments.
Two types of monitoring for potential exposures are provided. Area monitoring for CO,
P AH, NH3, NOx• fugitive emissions, heat, noise,
and various chemical stresses indicates possible
exposures and will be accomplished by various

Occupational Toxicology

The principal focus of occupational toxicology
is the testing of primary effluents and fugitive
emissions for potential effects on man. Information will be developed in response to questions
of relative toxicity of byproducts and effluents,
toxicity variation with process conditions, and
toxicity potential of fugitive emissions.
A two-level bioassay program is designed to
test effluents and potential fugitive emissions.
Level one, or cellular bioassays, will be used to
ascertain how the relative toxicity of effluents,
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TABLE 2. SAMPLING TRAINS FOR UMD GASIFIER
In-stack Heated
Heated Knock-out druin.
Gas
Gas
XAD-2
Ice-cooled f!!J!f ngers
Vacuum PllllP
and dr-y
cooler/ organic Reagent
SlllPlfng i>«rticle isokinetic 3-cyclone electrostatic Heated
probea
seriesa,b
prec
i
pi
ta
tor"
filtera
Empty
train
condenser
sorbent
solutions
Drierite
test meter
sa1111ler

'°

llO

x

x
2

x

x

4

x

x
x

x

x

x

3

x

x

x

aHeated to 300°f to prevent water condensation.
bAlternative staged particle separators could be used.

Purpose

x
x

x
x

Measurement of tar 1oading.
Measurement of particulate
loading and sizes.

x

x

x

x

x

x

Assessment of tar loading;
collection of sa~les for
organic. aqueous, and trace
element analyses.
•

x

x

x

x

x

x

Assessment of particulate
loading and size; calleetfon of samples for orqanic,
aqueous, and trace eletnent
analysis.

TABLE 3. AREA MONITORS

ORNL-DWG. 78-13539

Control pollutant

Type of instrument and capability

co

Multipoint, continuously operating sensor station
for CO analysis with visual and audio alann

NH3, NOX, S02,

Second derivative, UV absorption spectrometer
with multipass gas ce11 for real-time monitoring
of selected effluents

Respirable aerosol
and dust particles
(coal dust, tarry
fumes and ash
particles)

Piezobalance, portable monitor for measuring
respirable aerosols with mass concentrations
readout each minute; analyses for particulate
polycyclic aromatic hydrocarbons (as benzene
solubles) to determine integrated exposures will
be conducted as part of the conventional industrial hygiene program; attempts will then be made
to carrel ate the mass concentration and __ benzene
soluble fraction· for specific locations in the
gasifier plant. If such correlations are found
to exist then one would have indirect, but near
real-time method for measuring benzene solubles

CsHs, CsH 50H,
naphthalene and
its derivatives

sions. Additions to the toxicity testing program
are anticipated as the information base on
biological activity develops.

byproducts, and fractions thereof vary with
process changes, to screen for further testing,
and to correlate with whole animal, somatic effects. Tests in this category use a variety of
biological systems, including bacteria, yeast,
and mammalian cells, to investigate mutagenic
effects. These shorter term tests will provide
guidance and be complemented by longer term
validating assays using drosophila, cultured
mammalian cells, and whole animal (mouse) systems. Not all tests will be run on all samples collected at a given point, but priorities will be
established based on the biological activity
detected in the screening assays.
Level two, or mammali&n somatic toxicity
tests, complement mutagenic and cytotoxic
testing.- These assays use whole animals to
characterize the acute, subacute, and chronic
toxicity of products and effluents. Initially, only
selected samples will be used in the more expensive toxicity tests, with selection based on the
probability of direct or indirect human exposure
and on current information of potential emis-

ENVIRONMENTAL FATE AND EFFECTS
Environmental area monitoring includes sample collection and analyses, operation of continuous monitors, and application of appropriate
ecological toxicity tests. Information derived
from these activities is used to characterize and
quantify air, water, and solid effluents that may
impact the immediate environs of the plant.
Design of the monitoring program for the
UMD environment considers the ambient environmental conditions and the expected operating characteristics of the gasifier. The following information guided development of the monitoring program:
• The Duluth-Superior urban area is industrialized, and operation of the heating
plant is not expected to modify the ambient
air to a discernable level;
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fluent streams, selected chemical fractions, or
specific model compounds.

• Water use at the gasifier is expected to be
primarily consumptive and not result in any
liquid effluents; and
• The principal solid waste is ash from the
gasifier.
Two instrumented monitoring stations will
primarily monitor criteria air pollutants (CO,
NOx, hydrocarbons, 802, oxidants, and particulates) with periodic sampling for total
organics and organic speciation. The monitoring
scheme and sampling frequency are listed in
Table 4. If stack monitors indicate sufficient efflux of noncriteria pollutants (e.g., COS, NH3,
HCN), additional measures will be adopted to
monitor for these pollutants.
Water quality measurements will be limited
to samples taken from wells in a sanitary land
fill used for ash disposal. In the event of unusual
plant operating conditions, liquid effluents and
surface streams will be monitored. Gasifier ash
will be leached to investigate this important environmental parameter, and the water samples
and leachates will be analyzed for a variety of
organic and inorganic constituents. Screening
activities will be used, as appropriate, to test
the toxicity, transport, degradation, and bioaccumulation characteristics of either whole ef-

ASSESSMENTS

Site-specific assessments will be used to ensure maximum integration and utilization of information developed by the program elements
of sample collection, analytical characterization,
biological and environmental testing, and occupational control and medical surveillance.
Analyses of potential impacts include consideration of:
• Human health-related assessments, including the industrial worker and the general
public;
• Ecologically related assessments, both terrestrial and aquatic systems in the site area;
and
• Operational assessments involving: environmental control equipment, its efficiency and
reliability; and occupational health control
and the engineering systems used to reduce
fugitive emissions.
Information developed through these assessments w·m be combined with in~ormation from
studies of other low-Btu gasifiers and will be
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TABLE 4. ON-LINE ENVIRONMENTAL MONITORING

Analyses

Instrumentation

Sampling frequency

Gases:

co
NOX
Hydrocarbons
502
Oxidants
Particulates:
Total particulatesa

Infra-red spectrometer
Chemiluminescence detector
Gas chromatograph
Flame photometric detection
Chemiluminescence detector

Continuous
Continuous
Continuous
Continuous
Continuous

High volume sampler

24-hr sampling,
collection weekly

aGravimetric analyses carried out by sampling personnel.
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mit visual display of these variables on a realtime basis.
Plant operators and environmental monitoring personnel have completed initial tests as
part of the medical surveillance program. The
program under University direction consists of
complete physical examinations and laboratory
studies including routine blood analyses,
pulmonary function tests, audiograms, electrocardiograms, chest X-rays, and color photography of the skin. Sputum cytology testing has
also been recommended. All records become
part of the UMD Health Service file.
Our original plan provided only general guidance for in-plant worker protection. Subsequently, in collaboration with University officials, an industrial hygiene monitoring strategy was developed specifically for the UMD
Gasifier. Program details were identified after
completion of the major components of the
facility and were the results of a site visit by a
team of industrial hygienists and engineers. Major consideration was given to monitoring re.quirements for carbon monoxide, particulate
polycyclic aromatic hydrocarbons (PPAH), heat,
noise, miseellaneous chemical stresses, fugitive
emissions, and personnel sampling. Eleven locations were identified for continuous CO monitoring and sample. collection for PPAH analyses,
portable CO monitors and UV light were specified· for fugitive emission surveys at potential
points of leakage·, and CO dosimeters and personnel air sampling devices were recommended
for worker application. This strategy will be
reviewed after S mo of plant operation.
The gasifier has been operated during two
separate periods, primarily to determine operating characteristics and the need for modifications in the coupled equipment. Coke was the
fuel used most often although several shortterm runs were made with a coke and coal
blend. Not unexpectedly, a number of leaks occurred at flanges, valves, gaskets, and seals:
their repair required immediate recommendations by the industrial hygienist for worker protection.
Many of the detected leaks were of small
volume and did not cause acute exposure to carbon monoxide. However, several major emissions took place, which required a change in
gasifier operation and a clearing of the area until levels were reduced to less than threshold
limit values (TLV). Three types of CO monitor-

used to investigate potential impacts of anticipated industry growth.
Sample and Data Management

Successful execution of this program requires
that a large number of samples be characterized
by many investigators, and that the data and information developed be of high quality and
readily accessible in assessment activities. Several thousand samples subjected to numerous
analyses and tests and the on-line monitoring
equipment output must be handled the first
year. Both sample and data management are required.
Initially, all samples other than those
characterized onsite will enter the Sample
Management Center at ORNL. Samples will be
treated as required, forwarded to project
leaders responsible for various disciplineoriented tasks, and distributed to individual investigators. The Center will serve as the interface between the UMD sampling staff, the discipline task groups, and the Data Management .
Center.
The Data Management Center will provide a
computerized data management system for
storage and retrieval of data and information
and will include: structure for data base development: procedures to ensure proper identification and recording of data: network to provide
user access to the ·files; and data analyses
routines.
PROGRAM IMPLEMENTATION AT UMD

All on-line instruments to monitor process
streams, stack effluents, areas within the plant,
and environmental air quality have been installed. Several modifications were made in the
original plan. For example, the process gas
chromatographs were equipped with an additional cleanup system consisting of electrostatic
precipitators and perma-pure dryers, with the
latter installed to permit optional use of a drying step during GC operation. Preliminary test
results by Radian Corporation indicate that removal of aerosols from the sample stream
should reduce GC maintenance requirements
without affecting the concentration of the components monitored. A data acquisition system
has been provided to monitor process variables,
and computer programs were developed to per95
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Abstract

dustry. Presently, fuel oil is the only proven alternative that is similarly restricted, costly, and
unreliable as a future base fuel because of declining supplies.
To face the challenge of dwindling premium
fuel supplies to an industry so basic to the nation's economy, the Federal Bureau of Mines
and others had previously examined direct coalburning methods as an alternate energy source. 1
Pulverized coal-firing tests at both the pilot
plant and commercial scale have shown that no
single coal type is compatible with the three
commercial pelletizing systems. For the gratekiln process, only the premium quality eastern
coals with high ash fusibility temperatures have
shown real promise. Coals having ashes with
low fluid temperatures are required for the
straight-grate process because the prototype
design consists of external "wet bottom" combustion chambers. The shaft-pelletizing furnaces have not yet been adapted to direct coal
firing. The major problems are the distribution
of powdered coal to a large number of combustion chambers and the potential for blockage
with coal ash of the inaccessible refractory
passageways. The general conclusions regarding coal firing for iron ore pelletizing are that
although it can be used, coal selection will be
restrictive, premium coals may have to be used,
and with the required plant modifications and
increased refractory costs, it may be no more
economical than some form of coal gasification.
A recent study 2, funded by the Bureau and
conducted by the Arthur G. McKee Company,
pointed out that with currently available
technology, production of a hot, raw, low-Btu
gas generated by an atmospheric producer
would offer a viable, economical alternative to
natural gas or oil. An onsite facility would provide a high overall thermal efficiency and minimize the capital costs of the coal gasification
plant. This system of gas production would give
the pelletizing industry a wider selection of
coals and would be even more cost-effective if
the low-rank western subbituminous and lignite

The U.S. Department of the Interior's Bureau
of Mines is conducting a pilot-plant test program to evaluate low-Btu gas generated from
the gasification of bituminous, subbituminous,
and lignite coals. The program explores the
technical feasibility of utilizing the gas as an
alternate fuel for high-temperature induration of
iron oxide pellets. A 2-m diameter single-stage,
atmospheric, fixed-bed gasifier has been erected
at the Bureau's Twin Cities (Minn.) Metallurgy
Research Center adjacent to its pilot pelletizing
facility. The gasifier provides a hot, raw, lowBtu gas for firing iron oxide pellets in an 0.85-m
diameter by 10. 7-m umg rotary kiln. Pellets were
made from commercial magnetic taconite con·
centrations and were processed at a rate of 450
kg/hr. Gasifier operating data at fuel rates of
900 w 1,200 kg/hr are presented for coke, eastem
Kentucky bituminous coal, Colorado-Wyoming
subbituminous coa~ and a North Dakota lignite,
along with co"esponding coal and gas analyses,
Btu content, and thermal efficiency. Approxi·
mately 90 to 140 Mg of raw coal was processed
in each of the 5-day around-the-clock tests.
Pellet induration with low-Btu gas is described,
and some preliminary information on pellet
quality is presented.

INTRODUCTION
The U.S. iron ore pelletizing industry provides about 60 percent of the nation's iron ore
consumption and relies heavily upon natural gas
for pellet induration, consuming an estimated
1.7 kmS annually. During the past few years, the
industry has seen its gas supplies interrupted
while costs have tripled. In the short term, supplies are likely to become even more restricted,
interruptions longer and more frequent, and
costs may be further increased. In the long
term, natural gas may not be available to the in•speaker.
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coals could be used. Although the study indicated that the use of low-Btu gas for pellet induration appears technically feasible, the practical aspects of using this fuel must first be
demonstrated on a pilot-plant scale.
The research program conducted by the Bureau in its pelletizing pilot-plant facility is a
cooperative effort with the U.S. Department of
Energy (DOE) and a consortium of 17 companies
with interests in iron ore, coal, gas, and industrial engineering. The Bureau's goal is to
determine whether pellet firing with coal gas of
low heating value is technically feasible and
practical, while DOE is interested in gasifier
operations and technology. The U.S. Environ·
mental Protection Agency (EPA) is monitoring
the tests to characterize various gaseous and
liquid streams in the process. Coal gas to be
used in the pelletizing program will be derived
from gasifying bituminous, subbituminous, and
lignite coals.
The data presented in this paper represent
the initial test campaign. It is expected that the
project will be completed by the fall of 1979.

ture and most pressure and flow data are obtained-with a data logger and later processed in
a computer. The low-Btu kiln burner control
system was designed to adapt quickly to
changes in gas composition. The gas flow is controlled by kiln temperature, and the air flow is
controlled by a fully electronic flow ratio control
scheme. Producer gas flow to the kiln is measured with a "low loss" venturi flow element and
a mass flow computer.
The gasification pilot plant, shown in Figure
1, is adjacent to the pelletizing plant and includes a 2-m diameter, fixed-bed, atmospheric
producer with a water-cooled agitator arm and
has a nominal capacity of 1.35 Mg/hr of bituminous coal. Steam is self-generated by passing
the air over water heated by the gasifier cooling
jacket, whereby the air becomes saturated at
some desired temperature. The producer gas
flows through a refractory-lined dry cyclone and
is then transmitted via a 61-cm I.D. duct to a
combustion chamber and a 20-cm 1.D. duct to the
pelletizing kiln. Both duets are lined with 10 em
of refractory. The combustion chamber is designed to match the full capacity of the gas producer because, at maximum output, the pelletizing kiln would use only 10 to 15 percent of the
producer gas. A scroll-type burner is also installed on the combustion chamber and includes
adjustable register vanes to control flame
shape. Exhaust gases from the combustion
chamber are cleaned with an impingement traytype scrubber with pH control. A combination
ignitor-ineinerator is installed on the gasifier
cent stack to ignite the gases during flaring or
completely combust the small amount of gases
generated during banking. The gasifier building
was constructed to satisfy an electrical
classification of Class I, Group B, Division Il,
and includes a building exhaust fan, open grating floors, and a hooded vent over the coal feed
bin. Carbon monoxide monitors are present at
three locations with alarm capability between 0
and 100 ppm.
Instrumentation and controls for the gasifier
are centrally located in a control room adjacent
to but isolated from the main operating floor of
the gasifier building. In addition to the normal
complement of instrumentation for such a producer, the 9-Mg capacity coal storage bin is supported on precision load cells, and the producer
gas flow is measured with a "low loss" venturi

PROCESS AND PLANT DESCRIPTION

The Bureau's pelletizing facility is a fully in·
tegrated pilot plant capable of taking concen·
trate through all pelletizing steps of balling,
drying, preheating, induration, and cooling.
Plant capacity is nominally 500 kg/hr dry feed.
The balling circuit consists of a table feeder for
concentrate, a screw feeder for bentonite, a
belt-type paddle mixer for blending the bentonite binder with the concentrate, and a 1.~m
diameter pelletizing disk to form the nominal
1.2-cm diameter green pellets. The green pellets
are first dried and then preheated. to approxi·
mately 1,,270 Kon a 0.3- by 3-m long traveling
grate with one updraft drying zone and two
downdraft preheat zones. Then, pellets are indurated in an 0.8~m diameter by 10.7-m long
rotary kiln operating at 1,570 K to 1,620 Kand
discharged through a shaft-type cooler. The pellet cooler supplies preheated air to the kiln. The
low-Btu kiln burner is a scroll-type unit with adjustable register vanes for flame shaping. Combustion air supplied to the burner can be preheated to 720 K.
Pellet plant instrumentation and controls are
centrally located in a control room. Tempera98
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Rgure 1 • Process flow diagram of Bureau of Mines Gasification and Palletizing
Piiot-Piant, Twin Cities Metallurgy Research Center.

each sampling system; producer gas samples
were obtained independently of the Bureau's
samples. There was some overlap in the suite of
constituents analyzed to allow better coordination of the results between the two systems.
During the test with lignite, a full-scale sampling program was run to fully characterize the
producer gas, all gasifier effluents, and combustion chamber exhaust. Sampling included isokinetic sampling of the producer gas and combustion chamber exhaust gas streams. Samples
of water discharges were also obtained. Results
of Radian's sampling program are not included
in this report.
The operating philosophy for all tests was to
bring the entire pilot plant on-stream as quickly
as possible and to stabilize each section of the
plant later. After the gasifier was running, the
pelletizing plant and combustion chamber were
brought on-stream with natural gas prior to
switching the producer gas from the flare to the
combustion chamber. After the combustion
chamber and gasifier were on-line, the low-Btu
gas flow was started to the pelletizing kiln, and
pellet making commenced shortly thereafter.
System malfunctions, however, prevented the
startup sequences from proceeding smoothly.
Numerous equipment and system failures occurred during the test campaign, and repairs
had to be made almost continually during the
operation. The abnormally cold weather caused
most problems because the ambient temperature decreased steadily throughout the campaign. Because the plant was not fully winterized, water lines, air lines, and valves required
an inordinate amount of attention. Consequently, the stable test periods, especially in the
pellet plant, were too short to attain steady
state. AU coals, however, were gasified, and
pellets were indurated with gas from each coal.
Coke was used to start the gasifier and was
run for periods long enough to stabilize the fire
and heat the refractory-lined ducts. The first
coal to be gasified was a high-quality, closely
sized bituminous coal from eastern Kentucky.
The second and third coals were a Colorado-Wyoming subbituminous coal and a North Dakota
lignite. All coals were screened at 1.9 cm just
prior to loading into the storage bin via a bucket
elevator. Analysis and sizing of the "as fed" coal
are given in Table 1 and Table 2. The data were
developed from composite analyses of samples
taken four times per shift.

flow element. The air flow is measured with an
Annubar• flow element and controlled by the
producer offtake pressure. The system is designed to operate with a maximum offtake pressure of 1.25 kPa: the ducts, flow elements, etc.,
were designed to contribute no more than 0.5
kPa permanent pressure loss at two-thirds
rated capacity. Temperature, pressure, and
flow data are obtained with a data logger and
later processed by computer. Combustion chamber instrumentation is minimal, and most controls are local and manual. The chamber pressure is automatically controlled and a temperature profile is recorded. Flame supervision at
the combustion chamber burner includes interlocks to shut down and vent the gasifier when
the 61-cm gas safety shutoff valve to the burner
closes. A fully automated gas chromatograph
with a thermal conductivity detector provides
the producer gas analyses. The gas sampling
and conditioning system, which was built inhouse, was designed to obtain tar, oil, and
moisture contents and to deliver a dry, clean
gas to the chromatograph.

DESCRIPTION OF INITIAL
TEST CAMPAIGN
The initial campaign consisted of one 7-day
and three 5-day continuous tests conducted
from November 13 to December 15, 1978. All
tests contained downtime of one to three shifts.
The gasifier was banked between tests.
The test program was based on the assumption that the producer would gasify bituminous,
subbituminous, and lignite coal under reasonably stable conditions and would produce gases
typical of atmospheric producers for these fuels.
The producer was originally designed for tarfree coke and anthracite, and it was expected
that some modifications would have to be made
to the unit for it to operate successfully with
thil wide range of fuels. The first few tests
would yield information on the required modifications.
Radian Corporation, Austin, Texas, representing EPA, was onsite during the entire test
campaign and obtained gas analyses of the combustion chamber exhaust and producer gas during the last three tests. Radian's analyses were
obtained with three gas chromatographs on
•Reference to specific trade names does not imply endorsements by the Bureau of Mines.
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TABLE 1 . ANALYSIS OF FUELS "AS FED"
Solid fuel tested
Source

Bituminous
E.Kentuckv

Coke

-

Subbitu:ninous
Colorado-Wvo.

Proximate analyses, 1 wt-pct
Moisture
Volatile matter
Fixed carbon
Ash

4.8
0.9
87.1
7.2

3.3
37.2
54.1
5.4

10.8
36.2
46.2
6.8

Ultimate analysis, 1 wt-pct
Hydrogen
Carbon
Nitrogen
Oxygen
Sulfur
Ash

0.9
74.1
0.5
16. 7
0.6
7.2

5.1
79.0
1.6
8.1
0.8
5.4

5.4
63.8
1.3
22.0
0.7
6.8

Heating value, kJ/kg
Ash fusibility , 2 ° K
Initial deformation
Softening
Fluid

1,444
1,505
1,566

Free Swelling Index
1

2

31,520

28,428

1, 716
1,744
l,8lo+

0

4

Ligni'.:"N.Dakc:a

3G.6
2E.3
33 .4
7.7
t.3

<..:.. 7
C.6
3~.8

C.8
7.7

25,660

17, 5E.2

1,644
1,672
1, 744

1,322
1, 35(
1,371

0

(

"wet basis" as received,
ASTM reducing conditions.

RESULTS AND DISCUSSION

Bureau's test program), the coal residence time
is approximately 4 hr, while the ash residence
time is an additional 24 to 48 hr, depending on

Because of the nature of the initial campaign,
the tests yielded results primarily of a "mechanical'' nature, although significant process information was also collected. The detailed equipment modifications found to be required are not
reported here. Instead, observations are presented along with a small amount of process
data.
A subjective observation was made that the
gasifier operation was just "settling out" at the
end of a 5-day test. Because all operators agreed
on this point, it has been decided that 10 days
will be the minimum operating period for future
tests. This "settling out" period is a combination
of many factors, not the least of which is learning the behavior of the specific coal being used.
At 900 kg/hr of coal feed with 7 percent ash
(which is typical of the coals of interest to the

ash bed depth. It can be easily seen, therefore,
that changes to the gasifier operation may not
fully show up for 2 days.
Gasifier operating difficulties were expected
with subbituminous coal and lignite because of
the friable nature of the fuels and the ash characteristics. Low-rank coals generally have a
lower ash fusion temperature, and clinker formation is considered a major problem. Gasifier
air saturation-temperature (i.e., stream consumption) is the major method for controlling
clinker formation. Maintenance of ash bed depth
is affected by clinker formation, grate speed,
and the size of the grate openings. A variable
speed drive was installed on the grate; however,
this modification did not appear sufficient to
compensate for the wide differences in ash be101

TABLE 2. COAL SIZING "AS FED"
Solid fuel tested
Size. mm

Coke

5 7. 2 •••••••••

100

50. 8 •••••••••

100

Bituminous
cumu 1ative

Sub bituminous
~t-pct pass i ng

100

100

Lignite

100

99.9

99.9

99.4

45. 3 •••••••••

95.6

99.5

97.8

98.5

38 .1 •••••••••

75.3

97.5

85.2

94.4

32. 0 •••••••• "'

41.2

93.7

64.9

77.0

25. 4 •••••••••

10.9

72.3

43.9

42.6

19. 0 •••••••••

3.1

32.6

28.7

15.0

16. 0 •••••••••

1.9

14 .1

21.1

6.7

12. 7 •••••••••

1.6

6.1

13.6

3.4

9.51 ••••••••

1.4

3.5

8.0

2.0

6. 35 ••••••••

1.1

2.5

3.8

1. 2

havior among the three coals. Although serious
clinkering problems were not encountered with
the subbituminous coal, the operation was not
smooth. Auxiliary steam was necessary at one
point because the fire zone became very thin
and the jacket water temperature was not high
enough to saturate the air to the desired level.
The operators were able to stabilize the operation after 8 hr, and self-generation of steam
became possible again. During the test with
lignite, however, clinkering was a serious problem, although the gasifier did not appear to
operate as poorly as expected. At the end of the
test, 80 percent of the 12.4-cm wide grate openings were found to be solidly plugged with ash
fines, and very large clinkers were found floating near the top of the ash bed. During all tests,
the air saturation-temperature was unsteady,
and the control scheme proved to be inadequate
for this test program. This contributed to the

generally unstable gasifier operation and the
clinkering problems with lignite.
Numerous other observations were made
during plant operations. It was noted that control and safety shutoff valves in the producer
gas lines should have oversized actuators for
reliable operation. Coal and char fines entrained
in the producer gas increased dramatically with
the low-rank coals as opposed to bituminous
coal. Quantitative measurements were not obtained; however, a higher dust loading was
noted in the combustion chamber scrubber
water and gasifier cyclone water seal. Gasifier
operating data are given in Table 8, which
shows that the pre11ure drop acro11 the bed in. creased for the low-rank fuels. Also, as expected, the offtake temperature decreased for
low-rank fuels, but the temperatures obtained
were lower than expected.
Operation of the venturi flow element• wu
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TABLE 3. GASIFIER OPERATING DATA SUMMARY

Solid fuel tested

Coke

Bituminous

Subbituminous

Lignite

Saturated air, m3 /hr .••••••

1,388

2,355

2,740

1,789

Saturation temperature, °K.

335

334

334

332

Coal burn rate, kg/ hr ••••••

ND

657

1, 179

1,161

Bed pressure drop, kPa •••••

.87

1.19

4.53

2.71

Off take temperature, °K ••••

624

692

559

416

Gas yield, m3 /hr •••••••••••

ND

3,058

3,993

3,143

better than expected. The flow element in the
20-cm ID gas duct to the pelletizing kiln remained operable until the last test with lignite.
During the lignite test, the low gas temperature, which caused tar, oil, and moisture condensation, along with the high dust loading, combined to build a 3-mm thick coating of coal fines
on the converging cone of the flow element and
a 1.5-mm thick coating on the venturi throat.
The pressure taps were coated over but were
not internally plugged. The flow element in the
61-cm gas duct became inoperative during the
first test because of plugging of the pressure
taps and would plug up again within minutes
after cleaning. Because both venturies were
well insulated, the difference in performance
was attributed to the orientation of the flow
elements. The small flow element was installed
in a horizontal duct, and its pressure taps were
installed vertically at the top, allowing condensate to flow back to the process. The large flow
element was installed in a vertical duct (flow
downward), and its pressure taps were horizontal, causing any condensate to stay in the taps.
The 61-cm venturi had not yet been removed for
inspection; there may be other problems associated with its orientation.
Gasifier process data and material balances
are summarized in Table 4. The data shown are
for short periods during the tests and are based
on average rates for periods that were most
stable. The producer gas flow meter on the gasi·

fier outlet was inoperative, so the flow was
estimated and selected to yield the best total
weight and carbon balance. Carbon, hydrogen,
oxygen, nitrogen, and total weights were balanced independently. For all balances pre·
sented, the output/input ratios were within the
range of the 0.9· to 1.1-range. Also, during the
test with subbituminous coal, the gas sampling
system was not operating well enough to provide a water vapor content in the producer gas.
Gas moisture content for this test was calculated with a hydrogen balance; dry gas analyses
for this test were also limited but are con·
sidered acceptable for characterizing the short
test period. Ash balances were exact because
they were based entirely on the known ash feed
rates. Because the carbon in the ash varied significantly during the tests, the values used in
the balances were based on residence time estimates and were not modifed to produce better
material balances.
Total thermal efficiency was calculated for
the hot, raw gas at the cyclone outlet and was
approximately 90 percent for all coals. Trans·
mission heat losses were an additional 1.8 per·
cent to the kiln and 2.9 percent to the combus·
tion chamber for bituminous coal with a 1.0-percent total loss in the cyclone. For the subbituminous coal, there was a 2.1-percent transmission heat loss to the combustion chamber
with a 1.2-percent total loss in the cyclone.
Representative gas analyses are presented in
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TABLE 4. GASIFIER MATERIAL BALANCE AND PROCESS DATA SUMMARY

Solid fuel tested

Bituminous

Subbutiminous

Lignite

Inpute, kg/hr
Coa 1 •••••••••••••••••••••••••
Ste am ••••••••••••••••••••••••
Air ••••.•..••.••••••••.••••••

657
360
2,298

1,179
425
2,663

1,161
239
1,800

2, 961

3,717
I
62.~

2,602

Output, kg/hr
Dry gas ••••.•..•••••.••••.•••

Tar ••.••••••••.•••••••.••.•••
Water •••••••••••••••••••••.••
Bottom ash ••••••••••••..•••••
Cyclone solids •••••••••••••••

53.5
186
40.8
6.8

Input ratios, kg/kg
Steam/ coal ••••.•••••.•.•..•••
Air/coal •••••••••••••••••••••
Total thermal
Efficiency, pct ••••••••••••••

• 55
3.51
92

345
88.5
11.8

.36
2.26

89

44. <f=.1
464
98.0
13.6

.21
1.56
89

Gas yield
m3 /kg coal ••••••..•••.•••.•.•

4.68

3.43

2.68

Heating value, MJ/m3
Dry basis (tar free) ••.••••••
Wet basis (tar free) •••••••••
Tar contribution (wet basis).
Sensible heat (wet basis) ••••

5.55
5.18
.63

6.67
5.70 I

6.33
5.10 I

.48

.22

.15

.6~

.6~

~/Estimated.

the gas from lignite were measured but were an
order of magnitude lower than values typically
reported. It was felt that the tar fraction condensed into droplets in the gas duct and the
sampling geometry prevented obtaining a representative sample.
temperature at the
sampling point was above the dew point, ao
moisture measurements were considered representative.
Results of the pelletizing test with magnetic
taconite concentrates and the three coala are encouraging, but they are limited because of mechanical difficulties and a generally unstable
gasifier operation. Desired pelletizing tempera-

Table 5. The analyses do not necessarily represent the same operating periods that were used
for the balances shown in Table 4. The analyses
were corrected to air-free values and were obtained from raw gas analyses having less than 3
percent oxygen with most oxygen contents in
the 1- to 2-percent range. Oxygen in the producer gas analysis was assumed to come entirely from leaks in the sampling system. The
sampling system performed very well during
the last test with lignite. Oxygen values of 1
percent or less were consistently obtained during the last test after correcting for argon
superimposed on the oxygen peak. Tar and oil in

Gu
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TABLE 6. PRODUCER GAS ANALYSES
Coke

Solid fuel tested

Drv

Bituminous
Dry
Wet

Wet

Subbituminous
Wet
l>rv

Li>!nitc
Drv
WE:t

Constituent, volume
pct • 1
10.7
23.8
.001
.0

Hro

co
CH.,
C2 H"
c., l\i
COa
N8 +A

.o

9.0
53.6

~o

Tar, g/rrf
Gas heating value,
kJ/m3
Gross
Net

ND

4,136
3,949

Tar contribution,
kJ/m3
Gross
Net

ND
ND

Sensible heat at
cyclone exhaust,
kJ/m3

ND

1

:a

10.1
22.4
.001

.o
.o

8.5
50.4
6.0
ND

3,875
3,726

18.3
26.7
1. 7
.10
.20
6.2
46.8

16. 7
24.4
1.6
.09
.18
5.7
42.8
8.6

16.9
28.5
2.0
.43
.14
6.5
46.9

14. 7
24.9
l. 7
.37
.12
5.7
40.9
12. s2

17.7

16.2

ND

ND

ND

ND

5,738
5,328

6,558
6,148

5, 701
5,365

6,297
5,924

5,067
4,769

6,260
5,812

ND
ND

376

633
604

578
551

ND
ND

ND

458

ND

ND
ND

347

17.5
28.9
1. 5
.15
.10
6.2
45.6

l.!+. l

23.3
1. 2

0.12
0.08
5.0
36.7
19.4

ND
ND

ND
ND

ND
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Corrected air free.
By hydrogen balance.

ture were not sustained as a result of short-test
duration. Pelletizing data for all tests are summarized in Table 6. The pellet strengths listed
were the best obtained during the tests. Although the strengths were 25 to 40 percent too
low for a commercially acceptable product, they
were increasing in all cases. The strengths are
typical of induration at these lower than normal
temperatures.
Pellet chemistry is given in Table 7. The
analyses are also shown ·normalized to zero
Fe+ + by "adding" the required oxygen. The
analyses indicate there may have been some
minor ash pickup by the pellets in the kiln dur·
ing the tests with the western coals. The high
sulfur content in the grate discharge pellets in·
dicates a recirculating load of sulfur between
the grate and kiln during all tests. These data
can be used qualitatively only because the analyses represent short operating periods and only
a few samples. High ferrous iron in the pellets is

indicative of "underburning" and is consistent
with the low strengths attained.
SUMMARY AND CONCLUSIONS

Four 100· to 160-hr around-the-clock tests
were completed during November 13 to December 15, 1978, in the Bureau's iron ore pelletizing
and coal gasification pilot plant. Pellets were indurated in the 10.7-m long rotary kiln at rates of
400 to 544 kg/hr using hot, raw, low-Btu gases
generated from an eastern Kentucky bituminous coal, a Colorado-Wyoming subbituminous
coal, and a North Dakota lignite. The minus
50.8-mm plus 19.0 mm sized coals were gasified
at rates of 900 to 1,180 kg/hr in a 2-m diameter
single-stage, fixed-bed atmospheric gas producer originally designed for tar-free anthracite
and coke. The ability to gasify these widely dif·
ferent solid fuels in this gasifier, generate good
quality gas, and obtain or approach the
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TABLE 6. PELLETIZING DATA SUMMARY

Solid fuel tested

Bituminous

Subbituminous

Lignite

Concentrate feed rate
dry basis, kg/hr •••••••••••••••••

456

424

544

Average grate hood temperature, OK.

995

955

895

Maximum kiln temperature, °K •••••••

1,625

1,520

1,515

Crushing strength, kN • •••••••••••••

1.62

1.49

1. 80

TABLE 7. PELLET CHEMISTRY SUMMARY
Constituent. wt pct
Fe
Fe 2 ~

srn.+Ala~

Cao+MgO
NCl;a Ol-l<a 0

s

Grate feed

66.0
21.8
6.63
.40
.079
.016

(64.5 )1
( 0 )
( 6.47 )
(
.39 )
(
(

Kiln product

Grate disc:harge
Bituminous coal

.077)

.015)

65.7
14 .1
6. 56
.41
.067
.032

(64.4 )
( 0 )
( 6.44 )
(
.41 )
(
.065)
(
.032)

65.7
7.6
6.50
.42
.055
< .005

(64.9 )
( 0 )
( 6.43 )
(
.42 )
(
.055)
( < .005)

65.5
1.8
5.69
.48
.043
<.005

(65.4 )
( 0 )
( 5.68 )
(
.47 )
(
.042)
( <.005)

65.3
5.3
6.29
1.19
.06
.004

(64.8 )
( 0 )
( 6.24 )
( 1.18 )
(
.06 )
(
.004)

Subbituminous coal
Fe
Fe 2 +
SiOli +A 12 03

Cao+MgO

Na;a Ol-~O

s

67.0
21.6
5.55
.46
.05
.011

(65.() )
( 0 )
( 5.39 )
(
.45 )
(
.048)
(
.011)

66.8
16.8
5.57
.46
.053
.022

(65.2 )
( 0 )
( 5.44 )
(
.44 )
(
.052)
(
.021)

Li 2n i te
Fe
Fe2 +
SiC>.i +Ala °-3
Cao+MgO
Naa Ol-K:;.O

s

1

66.2
21.8
5.79
1.11
.05
.015

(64.2
( 0 )

( s.ss

)
)

( 1. 07 )
(
(

.048)
.015)

65.9

(64.7

13.0

( 0 )

6.13
1.06
.07
.038

)

( 6.02 )
( 1.04 )
(
.07 )
(
.037)

Analyses in parentheses are normalized to zero Fe2 + to show trends.
independently rounded.
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Numbers are

necessary pelletizing temperatures in the kiln is
considered a major accomplishment of the initial startup campaign. Although pellets were
indurated with the raw, low-Btu coal gas, frequent interruptions in gas flow to the kiln as a
result of erratic gasifier operations prevented
achieving the fully stabilized kiln temperature
profile required to produce pellets of commercially acceptable quality. The pelletizing results
obtained from these initial tests indicate that
acceptable quality pellets probably can be made
from magentic taconite concentrates in a rotary
kiln with raw, low-Btu coal gas. However, further demonstration tests under more stable
gasifier and pelletizing operations are needed
before this approach can be considered for a fullscale pelletizing facility. Future tests must also
be run on hematite concentrates because both
the maximum induration temperature and total
heat requirements are greater than those requirements for magnetite.
Problems in gasifier operation and in transporting and burning the raw producer gas became more prevalent with the decrease in coal
rank. It is now apparent that some modifications will have to be made to the gasifier to
allow safe and stable operations when high
moisture and friable western subbituminous
coal and lignite are treated. Some of the more
important future modifications will include:
• Changing the cooling water piping and

replacing the air saturation-temperature
controller for closer and more stable control
over steam consumption:
• Increasing the revolving grate spacings to
account for the different ash characteristics
of the low-rank western subbituminous coals
and lignites; and
• Installing traps in the gas ducting to prevent buildup of tar and condensate at low
points in the distribution mains. The necessary modifications to the plant are now underway, and testing is expected to be resumed in the summer of 1979.

REFERENCES
1. Nigro, J.C. Alternative Coal-Firing Methods
for Indurating Iron Ore Pellets. Mining Congress J. 64(6): 19-26. June 1978.
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Bonamer. Utilization of Low and Intermediate Btu Gas from Coal for Iron Ore
Pelletizing. Bureau of Mines, U .S Department of Interior. Open File Report 36-77.
1977. 283 pp. (Available for consultation at
each of the Bureau of Mines Metallurgy Research Centers; at the Natural Resources
Library, U.S. Department of the Interior,
Washington, D. C.; and from National Technical , Information Service, Springfield,
Virginia, PB 264-702/AS.)
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SYNTHETIC FUELS IMPLEMENTATION
Orcutt P. Drury
Office of Domestic Economic Policy and Coordination,
U.S. Department of Commerce, Washington, D.C.

Abstract
The need is urgent to start building large synthetic fuel plants. Supply side action is essential
to meet social expectations that rest on energy.
New energy supplies will help counter international inflationary pressures. Synthetic fuels offer us a significant mobilization alternative and,
in sufficient quantities, can provide a cap for
world oil prices.
Of the many implementation alternatives,
three suffice to show the range of opportunity
available: shale oil tax credit, competitive bidding for Federal support, and The Petroleum
Substitutes Requirements Program (PETSUB).

INTRODUCTION
It is a real honor for me to be with you in this
symposium, for your work here is vital. There
are problems to be identified and resolved, but
the need for synthetic fuels is critical. There
may be little we can do to avoid brownouts during this summer and successive summers. There
will be other energy shortages, for as a society
we have remained unconvinced about the energy
crisis for too long. Synthetic fuels will have to
fill part of the void, but the void is huge.
The void will be created by nuclear generating plants that are and will be closed, by other
plants- coal, hydroelectric, and nuclear- that
will not be built. To maintain a per capita zero
rate of energy growth for the growing world
population we need new electric utility plants
faster than they are now being planned or built.
But we need to increase our electric energy
growth rate to shift (indirectly) to coal. At a construction rate we cannot maintain, we are
already over 2 years behind. We will not succeed in building all the electric plants we need,
but somehow, we need to fill the void-or at
least part of it -with synthetic fuels.
This energy shortage-and it is not only in
electricity- cannot be made up solely by orderly conserva.tion. The difference can only be
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made up by new investment or denial. The problem with denial is America's social promise: that
denied minorities can expect their share of what
only energy can provide. President Carter said
clearly that our energy crisis has the "moral
equivalent of war." To me, the moral aspect incorporates these social expectations. So I emphasize this basic energy need, heightened and
sharpened by social expectations for real goods
and services. It is easy for me to assert the
need, but I have two documents here-the Commerce Department's forecasting effort- that attempt to prove it. 1• 2
Beyond a basic energy need and growing
social expectations, a need exists for an
emergency supply capability. Synthetic fuel
plants can give us this additional mobilization,
or emergency capability, in addition to belowground storage.
Finally, synthetic fuels produced in sufficient
volume offer a cap on world oil prices. Successful work on the supply side of energy may
relieve international inflationary pressures.
Because we are limited to what we can accomplish by disciplining demand, we need to devote
renewed effort to the supply side, perhaps the
answer to many of our productivity problems.
How do we go about it? You know the environmental problems, and I leave the technical
solutions to you. But, from a management view,
there are many implementation alternatives.
Three, however, will suffice to show the range
of opportunities open to us.
First, the Administration is working on a
draft bill entitled "Shale Oil Tax Credit of 1979."
Because a 50,000-bbl/d plant is expected to cost
$1.2 billion to build, and because shale oil is expected to sell profitably only at $5 or $6 more
than world oil, considerable incentive is needed.
This bill would provide a $3-credit against tax
liability that would shelter from $5 to $6 per
barrel and provide the needed incentive. This
kind of legislation could be applied to other synthetic fuels.
Second, an earlier Department of Commerce

proposal suggested that prospective producers
bid to produce units of 50,000 barrels of oil- or
the equivalent in Btu content of synthetic gas or
other fuel- with the bid including those aspects
of Federal assistance that the producers wanted.
This would encourage competition but would not
limit the kind of support any firm could seek:
front end grants, per barrel tax credits, guaranteed loans, guaranteed prices, etc. This proposal
is not active today, but it is representative of
the range of implementing plans that have been
considered.
Finally, PET SUB, The Petroleum Substitutes
Requirement Program, 3 is under active consideration by the Administration. Under that program, natural gas distributors, importers, and
other large users of oil and gas would be required to purchase a specified amount of substitute fuels. The amount would be a small fraction
of their earlier consumption of oil and/or gas.
Producers of substitutes would issue certificates of quantities delivered to prove customer
compliance.
The certificates would be salable so certain
specialized firms could escape use of the substitutes where other firms had surplus certificates
to sell. All users would bear the program costs
as the synthetic fuel cost differentials were
passed through by refineries and others. Since
synthetic producers would not be limited in
price. market entry would be encouraged. Active competition would be expected.
In closing, let me repeat that your job is vital;
technical solutions to identified problems are
needed now. The benefits are three:

• International inflationary pressure can be
countered.
To reach these benefits, significant implementation alternatives are available to permit your work to be brought to fruition.
But everyone must work quickly- our energy
supply and distribution system are tenuous. We
need to make significant changes swiftly and
carefully.
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• Social expectations can be met,
• Our mobilization capability can be expanded
for emergencies, and
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POLLUTANT EVALUATIONS FOR A LABORATORY SEMI-BATCH
COAL GASIFIER
John Cleland* and John Pierce
Research Triangle Institute, Research Triangle Park, North Carolina

Abstract

stack gas contamination, and control and treatment.
In attempting an environmental assessment
applicable to various types of coal gasification
reactions, RTI has been operating a small semibatch reactor along with extensive sampling
and analysis of reactor streams. This approach
has proved reasonable for fixed-bed gasifier
simulation, where the complications of wall effects and slugging, present in fiuidized beds, are
minimized. We have concentrated on evaluating
various U.S. solid fuels to determine the pollutant loads that control systems must handle.
This screening is substantially complete with
nine different fuels (Pittsburgh #8, Illinois #6,
western Kentucky #9, Montana Rosebud, Wyoming subbituminous, North Dakota lignite,
North Carolina humus peat, a western Kentucky char, and Bottom Red anthracite) charac·
terized in more than 86 tests.
Typically, tests have included air-blown autothermic operation, making a low-Btu producer
gas. Figure 1 illustrates the reactor and sampling systems. Five main streams are characterized: input coal, gas product, tar, aqueous con·
densate, and ash or char. Data acquisition and
analysis have been augmented by a PDP 11/84
with RSXllM operating system. As shown in
Table 1, pollutant data are typically arrayed. 1
All data are presented in integrated form for
each stream, although time-dependent data are
recorded where possible to take advantage of
the information available from the batch reac·
tor. Integrating pollutant output allows approx·
imating steady-state continuous gasifier operation, while the distinct phases of drying, devola·
tilization, and steam/char reaction can also be
defined.
Important process variables such as reaction
temperature, process gas composition and vol·
ume, water gas shift predictability, combustion
characteristics, and fuel heating values compare
with those of other processes, as seen in Table 2.
The consistency of process variable control and
comparisons with other gasifiers have been pre-

Nine U.S. solid fuels have been gasified in the
RTI laboratory unit. Gasifier streams have been
extensively and quantitatively defined in terms
of process and chemical pollutant parameters.
Experimental results have received preliminary
analysis on the basis of:
• Coal-associated influences on poUutant production,
• Stream pollutant kvel comparisons,
• Comparison with similar pollutant and process operations data reported in the literature,
• Correlation of process parameters with
poUutant production, and
• Cross-correlations of pollutant data.
Integrated results from the semibatch gasifier
have evidenced good simulation of fixed-bed,
full-scak, continuous units in terms of product
composition, throughputs, and effects of opera·
tional variabks. Mass balances have been im·
proved, and consistent chemical analysa of
potential environmental hazards have allowed
evaluation of production trends. Specific com·
pounds consistently contributing to significant
potential environmental hazards have been
identified. Compounds posing threats to health
(on the bases of both quantity and toxicity/carcinogenicity) appear to be Umited to a
reasonabk number, allowing routiM quantitation. Analysis of this Umited number of com·
pounds is being ciugmented by bioassay research to encompass total materiall and
syn«rgistic effects.

INTRODUCTION
The gasification reactor is the primary,
unique source ol pollutant• in this type ol coal
conversion plant. A large amount of information
is already available on such subsidiary proc·
eases aa coal storage, water proce11ing, utility
•Speaker.
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TABLE 1. TYPICAL DATA ARRAY
CONCfNTRA TI ON OF POLLUTANT ( 11ICROGf<AHS/CllBI C HETER>
COMPOUND

MEG NUMBER

MATE
6

''""""""

CTI

16

20

BC:NZALDEHYfJE
07A140 5.9Et04
2.0EtOO
l'>CETOPHFNONE
078120 4.1Et04
2.7Et04
08A040 2.5Et04
ACETIC ACHI
15A020 3.0E+03 7.7Et03 l.1Et06
l<ENZENE
15A040 3.8Et05 5o7Et03 7.8Et06
TOLUENE
ETH1LBENZENE/C2-BENZENE 15A060 4.4Et05 2.2Et04 B.2E•03
15A080 4.2f+05 2.9Et03 1.4Et03
STYRENE
15A160 l .0Et03 4.4Et02 4.0Et02
IHF·HENYL
[1 Ir"HENYLMETHANE
15AN01 2.2Et05
C4H7-flENZENE
15AP03 7, 7Et04 1.1Et04 3.8Et03
C4-I<ENZFNE
15Af'30 .7. 7Et04 4.6Et04 2.0Et03
15Af'31 7.7Et04 1.5Et04
C5-£•EN7ENE
158020 2.3Et05 S.4Et03 l.3Et04
INC•AN
158040 4,5Et04 8.tEt04 9.1Et04
INl•ENE
XYLENES
158080 4.4E+05 2o2Et04 2o0Et04
DIETHYL8ENZENE
158100 2.3Et05
2.4E+03
TRIMETHYLBENZENE
158180 l.2Et05
9.6Et02
METHYL Il'UIENE
15BP01 4.5Et04 7.1Et04 9.0Et04
C3-BENZc::NES
15BP21 2.2Et05 6o2Et04 2.8Et05
DIHETHYLBIPHENYL
158P22 t.OEt03
2o0Et03
PHENOL
18A020 l.9Et04 2.9E+04 5.2E+03
CRESOLS
18A040 2.2E+04 1.2Et05 4.4Et03
C:2-F'HENOLS
18A080 2.5Et04 3.8Et05 5.0Et03
XYLENOLS
18A140 l.3Et04
tiAf'HTHALENE
21A020 5.0E+04 6.2Et04 2.8Et04
ALPHA-METHrLNAPHTHALENE 21A041 2.3Et05
l .OEtOJ
BETA-HETHYLNAPHTHALENE 21A042 2.2E+05 4.4Et02 5.0Et03
ACENAf'HTHENE
21A100 l .6Et04 4.4Et02 5.2E+02
ANTHRACENE
21A140 5.6Et04 7o4Ef01 5.7Et02
f'HENANTHRENE
21A180 t.6Et03
PF:Of'ENYLf'HENANTHRENE
21AP03 2.4E+04
7.7Et00
C1SH12: 3 RINGS
21
2.4Et04
Cl6H101 4 RINGS
21
9.0E+02
nRENE
219180 2.3Et05
1.0Et02
FLUOREllE
22A020 9.0Et02
7. OEtOO
FLUORANTHENE
228040 9.0Et05
7.0Et01
f'Yr< TD I NE
23A020 1.5Et04
BENZOFURAN
24A040 5.3Et06
1. 3Et05
METHYL8ENZOFURAN
24A140 5.3Et06 l.OE+04 4.BE+OO
DIHETHYLflENZOFUF:AN
24Af'01 5.3Et06 1.2Et03
DIBENZOFURAN
248020 5.3Et06 2.0Et03
METHYL THIOPHENE
25A010 2.2E+04 1.0Et04 7.0E+04
DIMETHYLTHIOf'H[NE
25A060 2. 6Et04 4.4Et04 1.7Et03
C2-lHIOf'HE:NES
25Af'02 2.6Et04 2.3Et03
CJ-lHIOPHENE
25Af'20 1. 3Et03 6.5£+03
C4-THIOF'HEllES
25AP04 2.6Et04 J,3F.t04
BENZOlHIOPHENE
25fl040 2.3Et04 J,7£+03 2. 7Et03
-4.8Et07 3.4Et08 3,6Et00
NlTROGEN (BY DIFFERENCE>
POLLUTANTS AS PEf\CENTAGE OF TOTAL GAS
STREAM <BUL~SrTEtlAXrXAD21SCRUFBER>
MASS FRACTION W/ co
3.4E-01 2.lE-01 2.8E-·Ol
MASS FRACllON W/O (0 4,JE-0~' :~.5E.-02 9 ._\f.-03
HOLE FRACTION W/ co
t .BE-01 2.0E-01 3. OE M
HOLE FRACTION W/O CO 1 .aE-02 1.~E-Q:? 8.4E-03

21

23

25

26

TEST NUMBER
31
32

33

35

1.2Et04
3,9Et04
6.4Et05
3.2[-f05

8.BEt04 B,6Et04 5, BEt04 1.9Et05 a.0Eto2 1.9Et04 5.1Et04 5. 2Ern4
1.9Et03 2,7Et03 6.2Et02 2.0Et04 3.0Et01 1.2Et03 2.9E+0.3 1, '.'E •03
3.1E+·02 2,IE+OJ 3.!Et02 3.9E::t03
4,9E·I02 t.3E·I0,3 6.(\[102

4.9E+03 5, 9Et02 1.5Et03 4.1Et04 2.0Et02 2.0Et03 3.5E+04 7.m:rn3
1.9Et03 6.3Et04 3.3E+04 4.0Et05 1.0E+02 2.4E+04 2. 5E+O~i 5.6U04
8.8Et04
1.8Et05

1.1Ei05 4,0[+04
2,8Et04 3.9Et04 3.tEt04 4.3H05
6.9E+04 9.0Et04 lo1Et04 2.1Et05

6,4Et04 5.6Et05 2.4Et05
J,5Et04 1.5Et05 1.1E+05

6.9Et04
2.2Et04 7.8Et05
6.4Et04 6.5Et05 2.auos
l. 7Et05 5.9Et05 4.0Et04 2.hEtOS 3.1E+OJ 1,4EI05 i . 2E •os 3.4Et04
4.0Et04
5.9Et04
B.OE.+03
2.0Et02
1.6Et03 1.2F:t03 6.2Et02 7.6Et03 7.0EtOO 4,0Et02 t.tEt03 4, 7Et02
6.9Et·02 7.8E+02
2.0EtOl
8. OF I 0 .1
1, 7EW2
3.1Et03
4.:'Et04

2.1Et04 5, ~iEt04 1.0Et04 1.3£:+05

7.9Et03

9.BE+OJ t.2E+04 9.2Et02 l .8Et04
2.0Et05 1.9Et05 2.3003 7.8Et04
1.6Et04
7.8Et04 9.4Et04 1.0Et03 3.0E+04

1.JEtOJ 8.41::.W3 ;'. 9Et O.~
9,3Et03 4.6E+04 1. 2Et 04
1.6Et03 1, 3E·I 04 9 ..ff+03

1.6Et04
3.9U08 5, 1E+OB 6.4Et08-1,0Et08 5.7Et08 5, 1Et00 S.7Ei08 7.tE+OB
.OE-01 1.6E--•:>1 2.6E-01 6.6f.-01
• ~-![ -02 1.9E-02 ~>.9[-03 1.3[-02
• .lE.-0.1 2.5E-Ot 4.9F-Ol 4, :~E-01
.lE-02 2.ir-02 J,JE--03 .3, hE -••,'·

1.4E-01 3.2E-01 3.3E -01 1. 6E-·01
7.llE-OJ 6.4£-1)3 5. BE--(13 .!. ,ff-():':
2.:!E-01 4,5t.--·•.J1 ~.. OE--01 3.5[-()1
H. 1£-0:I :'. 9r:-03 ], 3F-<H 2.3E·-·03

TABLE 2. EXPERIMENTAL TEST PARAMETERS AND COMMERCIAL GASIFIER
OPERATING CONDITIONS

Air/Coal 8 /g
Steam/Cod 8 /g

....
....

0)

21
1.1

23
2.2

3.1
97

1.2
96
300

Carbon Conversion %
Conl Residence Time (Min.) 340
Tar Produced 8 /g
.035
SCF ·
Gas Produced
/lb
48
lnlV Btu/SCF
106
lb
2
Thruput
/hr ft
16
Coal Type
Ill.
16
Pressure psia
200
Mesh Size
8xl6
M.u Temp •c
1015
llt."atup Ti1ne to 800°c
(Hin)

.033
56
96
19
Ill.

16

RTI TESTS
25
32
1. 7
1.5
0.50
99.7
180
.018
41

o. 37
99.5
110
.011
32

WELLMAN

33
1.5

1. 7

o. 36

0.37

98.9
110
.012

35

97
110
.029
40:

HERC
2.3

LURGI.
3.0

0.31
98.7

1.5

120-540
.• 022

95
60

N/A

GALUSHA
3.5
0.4
99+

120-540
0.06
N/A

WOODALL
DUCKHAM
2.3
0.25
99

N/A
0.075

N/A

47

52

128
183
/16
44
45
30
Montana Wyoming Wyoming Wyoming
Sub.
Sub.
Sub.
Sub •

153

195

168

175

107

248
Sub, C
N.M.

899

70

315
2"x0

142

200
8xl6

200

200

8x16

1050

1060

20

11

16
18

10
18

5.4
30
30

3.1
13
55
0.8

35
201

8xl6

200
8xl6

200
8x16

1050

1040

910

J

5

8

23

24

29

32

9.1
2.4
13
52

9.1

4.9

5.7
20

Ill.

16

300
1. 75"x0.08"

Bi tum

llVCB

ATM

ATM

2"xl.25"

l.5"x.25"

1300

1200

28.6
3.4

28.3

Gas Composition

co

co2

en,,
112
"2
1125
lillV

1.

2.
3.

Btu/SCF

0.4
200

100

36
0.06
0.07
210
140

21.8

17.4

6.9
2.0

14.8

5.7
20

16
12
3.7
14

17.8

37
0.07

54
0.08

51.5
0.2

210

130

150

5.1
23.3
38.5
N/A
200

2.7
15.0

50.3
N/A
170

4.5
2.7
17.0
47.2
0.3
170

Gilmore, D.W. and A.J. Liberatore, "Pressuri~ed, Stirred, Fixed-Bed Gasification," Horgantown Energy Research Center
Presented at Texas S}'lllposium on Environmental Aspects of Fuel Conversion Technology, EPA-600/2-76-149, June 1976.
Cavanagh, E.C., et.al, Technology Status REport: Low/Medium Btu Coal Gasification and Related Envriomnental
Controla, Radian Corporation, 1977.
Clelnnd, J.G., et.al, "Pollutants from Synthetic Fuels Production: Facitity Construction and Preliminary
Tests," EPA-600/7-78-171,

viously discussed. 1 2 3 Confidence in the approximation of pollutant production from actual gasifiers is supported by comparison with results of
others reported in the literature. Table 3 shows
some chemical compounds analyzed in the RTI
producer gas stream and also in the streams of
other reactors that have been environmentally
evaluated under U.S. Environmental Protection
Agency (EPA) funding.
Tables 4 and 5 examine RTI tar compositions
compared to other coal tars. It should be noted
that typically less than 20 percent of total tar is
quantitated as specific compounds in our analyses. In the case of tar and other streams, a lowpercent quantitation is partially owed to restricting quantitation to compounds that represent
high-priority hazards. In the case of tar, however, it is also owed to difficulties in specifically
defining the heavier fraction of the tar. Outside
research 7 8 indicates that from 10 to 75 percent

of a coal conversion tar fraction may lie in the
boiling point range above 400° C. Currently applied RTI techniques on gas chromatography/
mass spectrometry restrict elution temperatures to about 260° C, but some compounds
whose boiling points slightly exceed 400° C and
whose vapor pressures are sufficient have been
detected. Methods in high-performance liquid
chromatography and other analytical techniques are being developed to extend RTI's
range of analysis in this area.
It is also notable that RTI has detected few of
the five-ring and above compounds such as benzo(a)pyrene. This could result from analytical
limitations, although these compounds have
been routinely found and quantitated in other
RTI programs, including coal tar analyses. It is
also possible that low throughputs, slow heating
rates, and high fixed-bed length/diameter ratios
promote secondary reactions that reduce the

TABLE 3. REACTOR GAS STREAM

RTI Detected
Compounds
Methylthiophenes
C 2 -thiophenes
C 2 -benzenes
Benzofuran
lndan
lndene
Phenol
Cresols

Found in 14> Found in 14> Found in 151
C-W
MERC
MERC
Vent Gas
Cond.
Tar

Found in 151
C-W
Tar

x
x

x
x

x

x

x
x
x
x
x
x
x

x
x
x
x
x
x

x

x
x

x

x

x
x

x
x

Xylenols
Naphthalene

Found in' 51
C-W
Cond.

Blphenyl

x
x
x
x
x
x

Dlphenylmethane
Dlbenzofuran
Anthracene

x

x

x
x

x

Phenanthrene
C 3 -Benzenes
Acenaphthene

C-W = Chapman-Wllputte
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TABLE 4. TAR AROMATICS (µg PER GRAM TAR)

''Coal

Aromatic Group
Naphthalenes
Phenanthrenes
Chrysenes
1-2 Benzanthracenes
3-4 Benzphenanthrenes
Pyrenes
5-ring compounds
% of total tar

Tar" 161

RTI Tar

RTI Tar*

111.#6

111.#6
1. 7E5

1.2E5
1.6E5
5.0E4

6.7E4
2.3E4
8.0E3

5.9E4
2.1E4

3.E4

2.2E4

5.6E4

3.1E4
1.3E4
40

9.0E3
2.7E4
17

2.3E4
6.9E4
40

I

•Normalized to 40% to account for nonquantitated compounds.

TABLE 5. TAR COMPOSITION (WEIGHT PERCENT)

Compound
Naphthalene
Phenanthrene
Fluoranthene
Pyrene
Fluorene
Chryaene
Anthracene
Dlbenzofuran
2-Methylnaphthalene
Cresols
Acrldene
Phenol

(9)

Coal Tar 1 ·
10.0
6.0
3.3
2.1
2.0
2.0
1.8

Coal Tar 2
4.8
1.8
1.1
0.3
0.4

1.6
0.9
0.6
0.4

Oulnollne
Xylenols
lndole
Perylene
Benz(a)anthracene
Benzo(a)pyrene

0.2
0.2
0.08
0.6
0.2

*II. #8 Coal
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(10)

RTI Tar*
5.2
2.3
1.3
0.9
0.7
0.8
0.7
0.7
0.9
1.0
0.2
0.3
0.3
0.3
0.01
0.4

MERC( 4)
2.1

Chapman CS)
Wllputte
0~2

0.1
0.5

0.2
0.3
0.6

0.4
1.8
0.04

0.09
0.2
1.9
0.08

0.4

0.08

out testing. Integrated tests results for a maximum production case are presented in Table 7.
While the pilot units compared are fluidized bed
types, results are quite sjmilar, possibly reftecting the constancy of lighter devolatilization
products under varying conditions. Production
of BTX is highly dependent upon coal type, with
eastern or other highly volatile coals producing
the highest levels.
Sulfur balances for the reactor have presented problems. These have ranged from SO to
140 percent. Closures are typically best for
high-sulfur coals. Some sulfur is lost during
pressure letdown of the condensate trap
stream, but predicted solubility levels for H~ .
in water do not explain the sulfur losses in·
dicated. Efforts are being made to characterize
more extensively the early rapid devolatiliza·
tion of sulfur species.
An interesting effect in H2S (and COS) output
has been noted in the batch reactor, especially
for the more reactive coals. Production of the
sulfur species often increases near the end of
testing where the combustion reaction begins to
dominate and steam/char reactivity has nearly
ceased. In this phase, concentration curves very
closely parallel those of increasing carbon dioxide. The liberation of additional sulfur as 802
(finally reduced in the upper bed) appears to be
the mechanism for the phenomenon. The behavior is unique to sulfur compounds.
Table 8 compares some RTI sulfur distributions with data from other processes. Ash sulfur
is notably higher in subbituminous and lignite
coals at oxygen breakthrough (approximate to-

heavier tar fractions.
The occasional pronounced variations (between processes in the tables) in tar composition are primarily caused by the differences pertaining to what gasifier stream is defined as
"tar." A large amount of contaminated water
may be mixed in streams sampled onsite at pilot
or full-scale units.' 5 Relative levels of the components are consistent. The extrapolation of the
RTI aromatic values in Table 4 is reasonable because the total aromatics determined by fractionation for this test comprised about 55 percent of the total tar. The linear extrapolation of
each group may be somewhat inconsistent, of
course.
Many of the best analyses for such liquids
have been conducted on the synthesis products
from such processes as Synthoil. The differences between these reaction processes and
gasification make comparison difficult, however.
Aqueous condensate compositions are compared in Table 6. The characteristics of a process, especially steam-to-carbon ratio, will influence water concentrations. Because the separation of tars and aqueous condensate may not
be well defined, major water contaminants are
shown both with and without tar inclusion. The
major tar contribution is increased xylenols concentration.
While benzene, toluene, and xylene can be
considered useful byproducts, their potential
toxic and carcinogenic hazards as fugitive emissions require attention. These substances are
measured in the reaction gas stream through-

TABLE 6. CONDENSATE COMPOSITIONS (ppm)

Compound

Lurgi cu)

PERC0 2 >
Ill. #6

Synthane < >

RTI Water

RTI (Maxi
Water + tar

13

Phenol

1200-5650

3400

1000-4480

400-4100

4600

Cresols

480-1965

2840

530-3580

340-1100

1400

Xylenols

100-450

1090

140-1170

65-230

670

-

110

20-150

18

72

Trimethylphenol
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tal carbon conversion). H2S, COS, and thiophene
levels are typical for coals tested. Mercaptans
appear to be higher for lignite, as found in
larger scale units. 18
Attempts to summarize the large amounts of
pollutant data have included formulation of composite values for total reactor-stream hazard
factors per test. This allows both reactor stream
and coal-type comparisons on an environmental
basis. Each chemical substance quantitation in a
reactor stream is expressed as:
• Concentration in terms of µg/m3 gas, µ.g/L
tar or water, and µg/g ash;
• Potential hazard level expressed as (stream
concentration)/(MATE); and
• Micrograms of pollutant produced per
grams of carbon converted in a reaction test.
Here, the MATE value for each substance is a
minimum acute toxicity effluent 19 level to which
pollutants should be controlled in the environment to prevent detrimental health effects.
MATEs are estimates based on available toxicity data and current environmental regulations
and criteria. 00 These values, along with extensive chemical information, have been stored in
the RTI synfuels data processing system.
Table 9 outlines the various approaches to
total stream evaluation for each gasification
test. Pollutants expressed as a mass fraction of
the total stream include those substances rou-

tinely quantitated and presenting hazard potentials. Fuel gas products (e.g., CO) are not included here as pollutants. Gross variations in
pollutant mass fraction may reflect limited
stream analyses rather than actual stream composition.
The stream hazard factor calculation is derived from the EPA SAM/IA 21 (source analysis
model) scheme. This summation calculates relative stream environmental problems but is a
function of the stream flow volume and therefore system operating conditions. For example,
air and steam flow rates and percent conversion
levels vary from test to test, changing the nitrogen, unconverted water, and tar levels in which
pollutants are diluted.
Calculation of pollutant loading based on
mass production per mass of coal or carbon conversion eliminates stream volumes from consideration. Summation of pollutant masses
divided by MATE levels results in the amount
of ambient diluent (air, water, soil) required to
reduce environmental pollutant concentrations
to safe levels (assuming dispersion of the entire
stream into the environment). Percent decreases in a minimum required diluent are directly proportional to the efficiency of control
technologies. The term "minimum" is applied
because pollutant quantitations are limited.
An example of coal environmental compari-

TABLE 7. BENZENE, TOLUENE, XYLENES (RECOVERED FROM GAS STREAM)

BTX
(Liquid Liters/Kg Coal)

PROCESS
Hygas Pilot Plant (Ill. #6)

0.01-0.02U 4l

Synthane

o.ooansi

Synthane POU

Benzene: 10- 4 -0.01;
Toluene: 0.001 (max)'161

RTI (maximum values)

Benzene: 0.02
Toluene: 0.006
Xylene: 0.003
120

BTX: 0.03

TABLE 8. SULFUR BALANCES (PERCENT)

Stream

OTHER PROCESSES

RTI TESTS

Montana
(25)

Wyoming
(33)

N.D. Ug.

(21)
Ash

1.95

15.3

20.7

Condensate

4.06

7.5

Ts

2.10

2.1

Gas

91.9

75.1

IH.#6

Lurgi

Hygas

Synthane

9.00

5a

0.9c, 1.0d

1.58

-

-

-

-

6.9 8

-

-

1.4h, 2.9 8

-

1.4c, 7.8 8

33.9

(43)

38.8

-

8WESCO ESTIMATES(17)
bN.D. LIGNITE' 14)

CfL. #6(1 4 )
dMONTANA SUB-BITUMINOUS' 14)
8 PITTSBURGH

#8-NORMALIZED TO 100% CHAR CONVERSION( 16)

-

84.08

TABLE 9. POLLUTANT STREAM SUMMATIONS

POLLUTANT COMPOSITES
PER TEST

RANGE OF VALUES-ALL TESTS
GAS

TAR

WATER

0.24.0

0.719.0

.0081.1

.042.9

3002200

1x106 2x 107

7x104 1x106

10120

1.412.0

10800

100900

1.4120

ASH

n

FRACTION OF
TOTAL STREAM =
(%mass)

E Ci
1

STREAM DENSITY
n

HAZARD FACTOR
OF STREAM

-

MINIMUM DILUENT
FOR STREAM
(M3 air: liters water:

-

E
1

1

AMc

Ci
MATEi

E

Mi
MAT~

grams soil-per gram
4C)

C

M

= Polutant Concentration
= Pollutant Mass

MATE = Minimum Acute Toxicity Value

"1Mc = Mass of Carbon Converted
n = Total Number of Pollutants

in Figure 3. Average tar levels, as a percent of
coal mass input, are included for each coal. Tar
densities typically range from 1.05 to 1.20 g/cc.
It should be emphasized that operational conditions, such as maximum temperatures or gas
velocities and pressures, influence pollutant
production and must be considered on a test-bytest basis. Parametric test conditions are being
investigated for possible reactor design controls
of pollution.
Research into reactor parameter effects on
contaminants has been initiated through statistical correlations of coal screening tests results
(the first phase of research) and continued laboratory experimentation.
Simple linear statistical correlations were
begun by first dividing the data into four
groups: test variables (e.g., steam/air ratio, maximum temperature), coal characteristics (e.g.,
percent volatiles), tar fractions (organic bases,
PNAs, etc.), and pollutant levels by stream. Two
examples of correlating these groups are shown
in Figures 4 and 5. Coefficients of correlation,
precision of fit, and number of correlated values
are evaluated and best correlations plotted.
Some preliminary results include:
• Phenols in condensates inversely correlate
with percent tar and coal rank (see Figure 4).
• The percent of organic bases in tar increases
with higher steam/air ratio.
• Carbonyl sulfide production is higher when
air/coal is high.
• Coals producing more tar also produce more
sulfur gases and increased PNA and organic
base fractions in tar. The gas stream hazard
factor for these coals is higher and the tar
hazard lower (reduced phenols).
• Organic acids, polar neutrals, and nonpolar
neutrals in tar directly correlate. This group
inversely correlates with the related polynucJear aromatic and organic base fractions.
• Extending the time period to reach maximum temperature reduces the tar hazard
factor.
• For high-sulfate sulfur in a coal, more sulfur
remains in ash following reaction.
• Percent of PNAs in tar correlates poorly
with coal rank and only slightly with tar
mass produced.
• Known correlations are reverified; e.g., gas
heating value and coal rank, gas hydrogen
percent and steam/air ratio, and heating
rate and volatile production (see Figure 5).

sons on this minimum diluent basis is shown in
Figure 2. Ranges of minimum diluent (or pollutant mass production divided by MATE, on the
basis of carbon converted) are gi\'en for the
most relevant experimental gasification tests
for seven coals. The required dilution of pollutant streams in the ambient environment has
been normalized on a "mass required" basis for
air, water, and soil. Rough significance can be
attached to these results by considering two hypothetical cases:
• A plant with 10,000 tons per day carbon conversion and a gas stream minbnum diluent
value of 7,500 vents this gas stream to the
atmosphere. If the gas uniforinly diffuses
throughout a heinispherical volume, the radius of diffusion reaches 1.8 ini before 1
day's gas output is sufficiently diluted.
• If the same plant, with a condensate
minimum diluent value of 1.5 x 1011, dumps
its raw condensate stream to surrounding
waters, about 1 trillion gal of diluting water
is required per day.
No surprising hazard variations a~nong the ·
coals are noted on this generaliied basis of
Figure 2. High-sulfur coals naturally present
highest gas stream hazards. Tars and conden·
sate ranges are strong functions of the amount
of phenol, cresols, and xylenols produced. In
such composite evaluations, the contribution of
some constituents may be masked by those with
high concentrations or MATEs. This is evident
in Table 10, where it is obvious that phenols
dominate the hazard level evaluation for con·
densed streams, primarily because of their low
MATE values (based on EPA and NAS/NAE
Water Quality Criteria, and Public Health Serv·
ice Drinking Water Regulations).19
Compounds with associated relative hazard
values of less than 1 have not been quantitated

at 1tream concentrations that exceed their
MATE values. Relative values of more than 1
are based on a mass of minimum diluent values
for each compound or element, averaged over
all relevant test cases. Within analytical limitations, the table summarizes the RTI evaluation
of potential environmental hazards on a "per
substance" basis.
Tar fractions have also been routinely separated through a solvent extraction process.
Mean distribution of the polynuclear aromatic,
nonpolar neutral, polar neutral, organic base,
organic acid, and insoluble fractions are shown
123
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TABLE 10. POLLUTANT RANKING-POTENTIAL HEALTH EFFECTS

TAR

GAS

CONDENSATE

xy1eno1s no'J•

Carbon monoxide ( 104 )
Benzene (10 3 )

Phenol ( 10 7 )

Hydrogen sulfide ( 103 )

Xylenols (10 5 )

Hydrogen (10 2 )

Ammonia (10 4 )

Carbon dioxide ( 1O 1 )

Thiocyanate ( 102 )

Thlophene ( 10 1)

Cyanide (10 2 )

Xylenols ( 10 1 )

HCN (10 2 )

Ammonia (10 1)

Sulfur (10 11

Methanethlol ( 1O 1 )

Chromium ( 1)

Ethanethiol ( 1O 1 )
Methane (10 1 )

Lead(< 1)

Cresols (10 6 )
Phenol (10 6 )
1Hmethylphenol (10 6 )
0-lsopropylphenol ( 106 )
PhenMthrene (103 )
Clvomlum (103 )
a.izklne (103)
Fluorene (102 )
P_.ylene (102)
9-me6nthracene (102 )
Ctvyaane ( 102 )
SaMur (102 )
Naphthalene ( 10 1)
Anthracene (10 1)
Anenlc (10 1)
Fluonlnthene ( 101 )
Leed (10 1 )
Qulnolne (10 1 )
Pyrene (1)
2-mahaphthalene ( 1)

Cadmium ( < 1)
Dlbenzofuran ( < 1)
Acrtdlne ( < 1)

A.nmne

(10 1 )

Cresols ( 106 )

Arsenic ( < 1 )

<1)

Phenols
Cresols (10 1 )

Cadmium (

Methylthlophene ( 1 )

Antimony ( < 1)

Naphthalene ( 1 )

Nitrates ( < 1 )

Phosphorus ( < 1)

Blphenyt ( 1 )

Hydrogen cyanide ( 1)
lndene (1)

Toluene (1)

ASH

C 2 -thlophenes ( 1 )
Carbon disulfide& ( < , )
Carbonyl sulfide ( < 1 )

Arsenic (10 3 )
Sulfur (10 2 )
Lead (10 1 )

Mercury (10 1 J
Cadmium (1)

Chloride f < 1 )

(< 1)

•Relative hazard, equals 1 where stream hazard la z.-o.
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Heating rates through devolatilization average about 50° C/min, low compared to those obtained in most pyrolysis studies. 22 Reactor
throughputs of steam have been typically low,
although recent tests have emphasized an approach to optimum reaction rates by increasing
air and steam flows.
Low heating rates should decrease both tar
and total volatile production. This does not obviate the important results obtained during
these test periods. Integrated pollutant outputs
have been demonstrated closely comparable to
those of commercial units, and indeed (for fixedbed reactors that are fed by lock hoppers) dis-

While few of the results are definitive, certain trends are indicated. Multiple regressions may improve some results.
As mentioned, a slow heating rate has been
characteristic of the system. Figure 6 illustrates
a typical temperature history. The entire coal
load for each test is added cold to the preheated
reactor. Autothermic heat addition by air combustion is immediately begun. The period following is critical for pollutant production
because the coal temperature now moves slowly
through the range of pyrolysis temperatures
(300°-700° C) within which 90 percent of the
volatiles may appear.
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Figure 6. Reactor heating.
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140

160

continuous feed and slow heatup may be a more
realistic approximation.
The batch reactor permits investigation of
the time-dependent evolution of pollutants, as
shown in Figures 7 and 8. The typical rate expression for devolatilization is first order,
dV/dt = k(Vi - V)

This expression for volatiles production as a
function of time is given in the figures, where a
linear curve should approximate first-order devolatilization with the rate constant, k, as the
slope. It may also be seen that for a zero-order
expression, where

In(

where V - Vi as t - oo. The simplest integrated form is

Vi
) =
Vi - V

-In 1

kt , the kinetics
Vi

may be approximated by the first-order expression for low rates, if
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The kinetics may also be examined with respect to the time derivative of volatiles produc-
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test has been completed. H2S and COS often
react relatively slowly, while mercaptans are
expended quickly. Carbon conversion past the
heatup phase is essentially zero order, as expected for reaction under conditions of constant
steam partial pressure. A summary of the sequence of gas stream pollutant production of
five coals is given in Table 11. The percent of
conversion may be taken from the figures.
It has been noted that the major reaction sequence during devolatilization for this reactor
closely adheres to that commonly promulgated;

tion; i.e., dV/dt vs. (Vi - V)/Vi· This approach
and that above indicate that many compounds
tend to devolve in a second-order manner
through the nonisothermal phase of heatup.
Then the kinetics become first order at temperature stability. This approach agrees to some
extent with the results of Wiser, et al. 23 Nonisothermal pyrolysis, for the case where temperature is a linear function of time, has been discussed previously.24 Commonly, more than 75
percent of the pollutant species will have been
produced before 20 percent of the gasification
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TABLE 11. REACTIONS SEQUENCE
#43 (N.D. Lignite)
90%

50%

90%

Methanethiol
Benzene
Toluene

Methanethiol
Thiophene
Benzene
Toluene

Methanethiol
Thiophene
Benzene
Toluene
H2S

50%

Methanethiol
Benzene
Toluene
H2S
Thiophene

cos

cos

H2S
Thiophene

Carbon

Carbon

Thiophene
Phenol
Benzene
Cresols
Xylenols
Naphthalene
Indene
Toluene
Bi phenyl
H2S

cos

cos

Carbon

Carbon

H2S
Carbon

90%

50%

90%

Naphthalene
Phenol
Benzene
Thiophene
Indene
Toluene
Cresols
Xylenols
Bi phenyl
H2S

cos

#25 (Montana Sub)

#23 (Ill. #6)
50%

#41 (W. KJ'.. #9)

Cresols
Naphthalene
Methyl
Thiophene
Indene
Benzene
Toluene
Thiophene
Xylenols
Methanethiol
Phenol
Bi phenyl
H2S

cos

Carbon

Methanethiol
Benzene
Thiophene
Methyl
Thiophene
Methylthiophene
Indene
Naphthalene
Cresols
Xylenols
Phenol
Bi phenyl
Toluene

cos

cos

Carbon
#33 (Wyor.1i ng Sub)
50%

90%

Methanethi ol
H~S, COS
B nzene
Toluene
Indene
Phenol
Cresols
Naphthalene
Bi phenyl
Xylenols

Methanethiol
Benzene
Toluene
Indene
Bi phenyl
Naphthalene
Xylenols
Cresols
Phenol

Carbon

cos
H2S
Carbon

H2S
Carbon

i.e., the appearance first of water vapor, followed by C02, CO, tars, ethane, methane, and
hydrogen. 25
The possibilities of reaction rate control other
than by chemical kinetics have been investigated. It appears from available criteria 28 that
internal particle heat transfer is not limiting.
However, external heat transfer (gas diffusion
to particle surface) and mass transfer do seem
to play a role. The common particle sizes util-

ized vary from about 32 to 4 mesh, and there is
evidence of particle size influence on reaction
rate. The primary control of rate at this point is,
as stated, the time required to satisfy the heat
capacity of the entire coal charge to bring the
coal to reaction temperature (basically through
convective heat transfer).
Briefly, some conclusions and recommendations include:
• The gas stream essentially contains pollut132

ants that are well recognized. Major pollutant factors in the gas stream result from carbon monoxide, benzene, hydrogen sulfide,
and other sulfur species. Removal of
benzene, xylenols, ammonia, and sulfur species should prevent problems. The removal
of pollutants to the ranking level of methane
(see Table 10) could, on a toxic hazard basis,
leave the producer with only the same control requirements placed on natural gas
pipelines.
While there is little positive evidence of important levels of heavy hydrocarbons found
in the gas stream, certain trace constituents
may deserve increased attention. This
would require examination beyond acute effects, where synergistics and persistence in
the environment are considered in terms of
chronic health effects. A definite need exists
for better characterization of aerosols and
gas-stream-suspended particulates. Nevertheless, it can be stated with assurance that
if ambient carbon monoxide, hydrogen sulfide, and benzene concentrations are monitored at a coal gasification plant, the primary fugitive emissions from the product
gas stream will have been accounted for.
• Tar presents a more consistent environmental hazard. While phenol and cresols dominate the haiard picture, elimination of these
reduces the hazard factor to only 108• The
presence of fused aromatic hydrocarbons
such as phenanthrene, chrysene, and 9-methylanthracene disallows obvious elimination
of the hazard problem. Preliminary bioassay
work has also shown that RTI gasifier tars
are mutagenic.27 More extensive study of
the heavier tar fraction is needed. It is interesting to note that western coal tars present as high a hazard as eastern coals because of the comparable levels of organic
acids (e.g., phenols) produced in gasifying
these coals. More research is required on the
storage, handling, and utilization of the coal
tars. It is in these areas of plant operation
that tars become an environmental hazard.
• It has been noted that the overall pollutant
potential for various coals varies little in
terms of orders of magnitude. While variations may occasionally be important for control technology development (e.g., different
sulfur loads on such removal systems as Rectisol, Stretford, and Claus units), the results

seem to indicate that a uniform approach to
reactor parameter control can be taken for ·
various coals. As mentioned, more work is
intended in comparing pollutant results obtained thus far on the basis of test conditions
such as average temperatures, combustion
vs. nonautothermal testing, and steam/air
and air/coal ratios. Most variations in the
results are predictable and related to the
major reactor parameters or coal characteristics such as reaction temperature, volatiles
content, and sulfur content.
• The aqueous condensate is contaminated
primarily by phenols, as is well known. If
phenols and the other important byproduct
in solution- ammonia- are removed, the
condensate hazard factor is reduced to approximately 10. Further analysis of these
species and cyanides is required to validate
the conclusion.
• The small semibatch reactor works well in
terms of simulating process variables and
outputs and pollutant amounts. Ash, water,
and carbon balances are satisfactory for this
process, but improvements are required on
sulfur balances and the nonair nitrogen balance. While slow heating rates may reduce
tars and volatiles, the distribution of pollutants throughout the various streams is
quite comparable to those reported in the
literature and may simply point to one approach for controlling contaminants in fullscale reactors. The pyrolysis phase is by far
the most important one for pollutant production and should be studied more extensively,
including research on nonisothermal kinetics. Most pyrolysis research has been limited to studying total volatile production
rather than examining individual pollutant
species.
• Important pollutants requiring extensive
examination can easily be limited to a number that can be quantitated on a per-test
basis. While more than 420 compounds have
been detected and more than 100 routinely
quantitated, there is good evidence that control of a few priority pollutants beginning at
the top of the pollutant ranking list in Table
10 should ensure environmentally safe coal
gasification. The concentrations or micrograms produced per grams of carbon converted for various species from test to test
are most notable for their consistency. Pol-
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trol Evaluation. (Presented at National
AIChe Meeting. Philadelphia. June 4-8,
1978.)
4. Pellizzari, E. D. Identification of Com-

lutants routinely detected have· been found
in every type of coal analyzed, from peat to
anthracite. The North Dakota lignite has
shown some peculiar characteristics that
have not yet been fully examined. These
characteristics include the detection of both
unique organic and mineral species in all
streams. It is believed that baseline levels
for pollutants from the U.S. coals tested are
now better defined, allowing more confidence in studies dealing with variations in
these levels.
Many of the results obtained thus far cannot
be presented briefly or generally. Some must be
evaluated on a test-by-test basis. The experimental model is being improved for evaluating
the effects of reactor parameters on pollutant
production or prevention. Such variables as
pressure, coal mesh size, bed depth, temperature, heating rate, steam/air ratios, and rate of
gas removal from the bed are being considered.
If modeling problems can be overcome, fluidized
bed operation will also be investigated. Fabrication of a continuous coal feeder and an improved
pretreatment setup for eastern coals is nearly
completed and will be included in further experimentation. More extensive evaluation of
trace elements as pollutants utilizing neutron
activation analysis is also intended.
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ENVIRONMENTAL AND ENGINEERING EVALUATION OF THE KOSOVO
COAL GASIFICATION PLANT - YUGOSLAVIA (PHASE I)
Beeir Salja and Mira Mitrovic
Kombinat Kosovo, Obilic-Pristina, Yugoslavia
and
Dragan Petkovic•
Rudarski Institute, Beograd-Zemun, Yugoslavia

occurring in lower or trace amounts in the process and served to evaluate selected methods of
sampling and sample analysis.
Investigations were carried out in Obilic, near
Priitina, Socialist Autonomous Province Kosovo, in a plant for the production of gas under
pressure (clean gas net heating value 8,600
kcal/In~) from dried Kosovo lignite (Lurgi gener·
ators, Dia 8.6 m). Plant capacity is 480 million
mi of clean gas per year.
Prior to sampling and analysis, the following
tasks were completed:
e Detailed description of the lignite gasifica·
tion plant was given, including required
process flow sheets and description of indivi·
dual operating stages of gas and byproducts
production, various waste materials, and
medium effluents;
• Presentation of fuel grade at the inlet and
outlet, byproducts composition, and types of
media;
• Detailed study of plant operating data; i.e.,
of the technological process and location of
measurement points for pollutant sampling;
• Selection of the methodology for sampling
and analysis of solid, liquid, and gaseous
pollutants;
• Selection of the methodology for now and
particulates measurement; and
• Sampling test operating plan.
The obtained results are given below.

INTRODUCTION
At the symposium on Environmental Aspects
of Fuel Conversion Technology, III, held in
September 1977 in Hollywood, Florida, we fully
accounted for our investigations of this project.
In addition, we stated why this research project
was conducted in SFR Yugoslavia and identified
local institutions engaged in the investigations.
Preliminary data from pilot operations indi·
cate that a multiplicity of pollutants are emitted
by the gasification reactor. Material in effluent
and process streams includes major pollutants
such as sulfur, nitrogen, NH8, particulate tars
.and oils, and minor pollutants such as trace
elements and hydrocarbons. The purpose of in·
v~st.igati~(_t~~s_e P._<!_llutants was:
• To identify emissions and determine their
concentrations in the existing gasification
process;
• To determine the composition and amounts
of pollutants originating to a greater or
lesser extent from all process streams in
various stream effluents or materials; (i.e., in
air, water, and particulates);
• To identify the pollutants whose presence
degrades the environment;
• To assess the capability of existing cleaning
and purification systems; and
• To develop improved equipment and
technology designed to reduce or eliminate
environmental danger accompanying the operation of current technology.
In our investigations, priority was given to
examining pollutants occurring in large
amounts such as sulfur and nitrogen compounds, ammonium, coal, and tar and oil particulates. The investigations included pollutants

RESULTS

General
1-nvestigations were completed during the
course of three sampling campaigns carried out
in periods with normal operating conditions. At
each point of emission of solid, liquid, or gaseous

*Speaker.
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Tables 11 through 16 present the data on
amounts and quality of the most important Rectisol section streams.

media in the lignite gasification plant at Kosovo,
preHminary quality investigations were performed. The amounts of the emissions were
measured, estimated, or taken as designed by
the project in order to evaluate the types and
volumes of pollutants. This led to eliminating a
number of measurement points because of their
emissions volume and quality.
ASTM methods were used for sampling, analysis, preparation of measurement lines, volume
measurements, etc. The content of fixed gases
in gaseous streams was determined by an "Orsat" apparatus or gas chromatographic method.
Chemical methods were used for H2S, NH3,
phenol, and HCN content determinations. Gas
chromatography was used for determining the
components occurring in lower amounts.

Tar Separation

For investigations of gas streams in the tar
separation section, the following measurement
points were selected:
• 13.1 Tar tanks,
• 13.2 Unclean tar tank,
• 13.3 Medium oil tank,
• 13.4 Uncleaned oil tank,
• 13.5 Gas condenser tank,
· • 13.6 Expansion gases to waste gases flare,
and
• 13.7 Phenolic water tanks.
Tables 17 through 23 present the data on
amounts and quality of the most important tar
separation section gas streams.

Generators
For investigations in the generator section,
the following measurement points were selected:
• 2.0 Inlet dried lignite,
• 2.2 Dedusting cyclone discharge into the
atmosphere,
• 3.1 Decompression of coal lock bucket,
• 3.2 Generator vent,
• 3.4 Vent of the collecting tank for tar condensate and other contaminated
waters in generator section,
• 3.5 Vent from ash lock expander cyclone,
• 3.6 Coal lock expansion gases,
• 12.2 Slag (dry), and
• 12.3 Water.
Tables 1 through 10 present the data on
amounts and quality of the most important
generator section streams.

Phenosolvan and Expansion
Gases Large Flare
For investigating streams in the phenosolvan
section and expansion gases large flare, the
following measurement points were selected:
• 14.1 Cyclone vent;
• 14.2 Tank for gas water, tar, oil, and phenolic water separation;
• 14.3 Unclean oil tank;
• 14.4 Phenolic water tank;
• 14.5 Column vent;
• 14.6 Vent between pos. 25 and 16;
• 14.7 Column vent;
• 14.8 Phenosolvan section wastewater tank;
• 14.9 Crude phenol tank vent;
• 14.10 Diisopropylether tank:
• 20.1 Gases to large flare; and
• 14.11 Wastewaters to biological treatment.
Tables 24 through 28 present the data on
amounts and quality of the most important gas
streams from the phenosolvan section and from
expansion gases large flare.

Rectlsols
For investigations of gas streams in the Rectisol section, the following measurement points
were selected:
• 7.3 Raw gas: feed for Rectisol section (it
contains H 2S, cyanides, higher hydrocarbons, etc.);
• 7.2 Waste gas (C02 ) (it contains in addition
to C02, methanol, H 2S, and higher hydrocarbons);
• 7.1 H 2 waste gas (it contains H 2S, methane,
and other hydrocarbons); and
• 7.4 Clean gas: final product.

Storage
For investigating gas streams in the storage
section, the following measurement points were
considered:
• 15.1 Tar tank vent,
• 15.2 Medium oil tank vent,
• 15.3 Gasoline tank vent, and
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in streams with high-water vapor contents
(more than 80 percent), so the method with "wet
impingers" was used.
During our recordings, the percent of conveyed heat in the form of clean gas was 62.88
percent of the heat fed in the form of coal. The
balance of carbon conveyed in the form of clean
gas was 24.98 percent. The major amount of sulfur (about 91.1 percent) was combusted with the
waste gases in the large flare. Approximately
4.13 percent of the sulfur remained in the liquid
products.
The results of completed investigations indicate that during the production of gas by the
Lurgi process, the following amounts of pollutants were emitted from 10 tons of dried lignite
and by complete incineration of waste gases
through the flare:
4.0kg
• Sulfur "S"
(about 90 percent as H~)
0.4kg
• Ammonium (NH 8)
4.7kg
• Phenols
0.06kg
• Cyanides
12.6 kg
• Hydrocarbons (CnHm)
• Hydrogen (H2)
2.6kg
• Carbon monoxide (CO)
4.5kg
9,632.7kg
• Carbon dioxide (C02)
10.0kg
• Methane (CH4)
5.2kg
• Nitrogen oxide (N02)
180.0kg
• Sulfur dioxide (S02)
148.5kg
• Particulates
10,005.3kg
Total
With regard to the Lurgi flow sheet, particular care should be paid to generator operation. Experimental operation on a single generator with systematic variation of technological
operating parameters could indicate the conditions affecting the variation of pollutants concentration and amount (pressure, steam-tooxygen ratio, coal bed thickness, throughput
capacity, charge size distribution, pour, etc.).
Such investigations could lead to maximum gas
production and gas quality in line with the
reduction of pollutants volume production to a
minimum. For the Lurgi plant in Kosovo, the
presence of a large number of "minor" vents
significantly increasing pollution is characteristic.
In Combine Kosovo, efforts are made to
charge the optimum size distribution of dried
lignite into the generators in order to achieve
more efficient heat balance and higher produc-

• 16.4 Phenol tank vent.
Tables 29, 30, and 31 present the data on
amounts and quality of the most important storage section gas emission (M.P. 15.3) into the
atmosphere. Data on amounts and quality of
gasoline, medium oil, and tar are included in
Table 32.
SUMMARY AND RECOMMENDATIONS
FOR CONTINUOUS ACTIVITY

Results presented in this report were obtained by testing the lignite gasification plant
according to the Lurgi process. Prior to gasification, the run-of-mine Kosovo lignite was
screened, classified, and dried by the "Fleissner" process. Investigations were completed
through three sampling campaigns (i.e., during
winter, summer, and autumn). Their objective
was to evaluate the effect of the Lurgi process
on environmental pollution. Composition and
volume were determined for all major process
waste streams. The volumes were calculated for
pollutants that are discharged at a high rate into the plant, ambient, and broader surroundings
in the form of waste gases, particulates, and
wastewaters. ASTM methods were mainly used
in the investigations.
Accurate sampling was difficult at some
points (discontinuous, short-lasting discharges
in some cases with high contents of water
vapor, more than 90 percent). Despite modern
equipment mainly provided by the U.S. Environmental Protection Agency (EPA) and Radian
Corporation, the capabilities of the instruments,
both for sampling and analysis, made the measurements time-consuming because of the number of components to be determined in a plant of
this size. It was not possible to maintain constant operating conditions during a campaign (7
to 14 days).
Although the differences in results obtained
chemically and chromatographically were observed and partially explained, it was considered necessary to repeat the check of various
determination methods in heavily polluted
streams.
Velocity measurements for flow determinations during short explosive discharges proved
insufficient, and some flows were determined
calculatively.
The EPA Method 5 for particulates determination proved inadequate for determinations
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tion of raw gas per generator in operation. A
project was developed and is currently underway to combust the expansion gases in one of
the boilers of the adjacent power generating
plants. Hitherto, the gases were incinerated by
the large flare, and combustion was unnecessary. Completion of this project will increase
the gasification heat balance and reduce environmental pollution.
It is also necessary to investigate the effect of
the stockpile of this type of coal on the environment; i.e., to examine the properties of coal dust
particulates, the properties of groundwaters
around the coal stockpiles, and the dissolution of
various mineral matters and chemical compounds from the coal in atmospheric precipitations.
The lignite drying plant was not investigated.
It is considered important to investigate the effect of the "Fleissner" process; i.e., coal-drying

process on the living environment. Of importance here are: composition and volume of
waste gases, wastewaters properties, and properties and composition of dried coal dust particulates.
The impact of trace elements in generator
slag on the environment and humans should also
be investigated. It is important to determine
the degree of mineral matters and individual
element oxi~es dissolved in the water as well as
the increase of their concentration in groundwater, and to examine the effect of the increase
of concentration of different chemical element
oxides in the water on agricultural products and
other fauna and flora. In any case, the effect of
slag dumps should be investigated, both those
on the surface and underground.
Further investigations concentrate on the
pollutants occurring in small amounts.
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TABLE 1. VOLUMES OF GENERATOR SECTION EMISSIONS

Measurement
poi n.t

Am o u n t s
Measured from des1gn
~1

2(T6 t/h)

ca 1cul a teCi
Estimated
~(1~.~

2•0•

Inlet dried lignite

circa 16 t/h

2.2.

Dedusting cyclone
discharge into the
atmosphere

5400

Decompression of coal
lock bucket

circa 9 m~/h

3.2.

Generator vent

circa 36 m~/h 23,2

3. 4 •

Vent of the collecting
tank for tar gaseous
water and other contaminated waters in ,
General Section

3.1.

3.5.

Vent from ash lock
expander cyclone

3. 6.

Coal lock expansion

12.2

39

m~/h

10,3 t/h

5,8

25,1

gases

326 m~/h 209,9

Slag (dry)

2 '6 t/ h

12 • 3 , Wastewater
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t7ti1

~~_..;,---~~~.:...-~~~~

1,7

t/h

TABLE 2. PROPERTIES OF DRIED LIGNITE KOSOVO, GRAIN SIZE: - 60
(COMPOSITE SAMPLES OF LIGNITE) M.P. 2.0

6 mm

Sulfur forms and ash chemical composition:
Sulfur forms

Proximate and ultimate analysis:

Moisture l
Ash I
Su 1 phur to ta 1 , I
S bound l
S combust, l
Coke l
C fix I
Volatiles I
Combustibles l
Heating value
Gross kcal/kg
Nat kcal /kg
Carbon dioxide
(COz) l
Carbon I
Hydrogen l
Nitrogen I
Oxygen l
Bulk weight, t/m 3
M1cum test
(+6 mm) l
Tar I

+

20. 72
, 0. 33
1,06
0,90
0,16
40, 18
29,85
39,10
68. 95

24,30
, 7. 74

4335
4035

3470
3190

1. 44
46,30
3,79
I, 13
17. 57
0,50

3,32
37,80
2,96
1. 03
16,03
0,55

78
3,3

76

1. 1 5
1 • 01
O, 14
40,96
23,22
34,74
57,96

Sulfur total, %
Sulfur bound, %
Sulfur combust, %
Sulfur pyritic, %
Sulfur sulphate, %
Sulfur organic, %
Moisture%
Ash chemical
composition
Sf o2 I
Fe o
2 3
Al 2 o
3
Cao
MgO

so 3
P205
TfOz
Na20
K2 o

'6
0
6
1
5
0
2

1. 34
1 • 13
0 ,21
0,90
0,06
0,38

1, 15
1 • 01
0. 14
0. 78
0,08
0,28
24,30

2 7 ,08
7, 18
7 ,2 7
36,05
5 ,49
14,55
0,22
o, 70
0,91
0,46

15. 2 1
6,78
4,74
35,55
11 • 3 5
23,30
0,30

o,so
I, 58
0,46

Rat 1o: acfd/Base
2' 1

Alz03+SiOz+Ti02
) • 0,367
(Fe 2 o +Cao+Mgo+alkai1es
3

0,699

Ash fus1b1l1ty:
(Oxidative atmosphere)
Initiation of sfnterfng oc

92 5

1070

Softening temperature

DC

1200

12 50

Hemisphere temperature

OC

132 5

1275

Flow temperature

oc

1335

1285
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1. 52
1 ,34
0, 18
1 ,04
0. 11
0,37

TABLE 3. PARTICLE SIZE OF DRIED LIGNITE KOSOVO, GRAIN SIZE - 60 +
(COMPOSITE SAMPLES OF LIGNITE)

Particle size in mm
+

-

-

-

60
60
50
40
30
25
20
15
10
6

+
+
+
+
+
+
+
+
+

3 +

2 +
1 +

50
40
30
25
20
15

10
5
3
2
1
0

% share
15,79
15,79
7,37
16,84
6,32
7,37
8,42
7,37
2', 0
7,37
1, 58
1,05
2,64
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IS
15,79
31,58
38,95
55,79
62 t 11
69,48
77,90
85,27
87,37
94,74
96,32
97,37
100,00

% share

3,33
4,45
7,78
24,44
6,67
13,33
23,33
12,22
1 '11
1 '11
0,56
0,56
1 '11

e mm

IS
3,33
7,78
15,56
40,00
46,67
60,00
83,33
95,55
96,66
97,77
98,33
98,89
100,00

TABLE 4. RESULTS OF THE WASTE GAS ANALYSIS FROM M.P. 2.2.
Gas Stream
H.P. 2. 2

Section Generators
Campaign
a) Gas Composition vol-S
"Drsat• and G.c.•
- Hz
• CnHM
- D2
- "2

- CH 4

- co

- CD 2

2

3

"Orsa t •

G.C.

G.C

0,8*
0,0
20,4
78. 7
D,D
D,O
0,1

n.f*
trace
, 9 ,8,
78,99
trace
trace
n.f

n.f*
n.f
20 ,8
78,2
n.f
n.f
n.f

n.f
D,8-2,3
D,059·0, 149

n.f
n.f

b) Chem.math. g/1DD mN (dry)
n.f

• H2 S
• NH 3

Phenols

n.f

• HCN

c) G.C. •eth. g/100 m~ (dry)
n.f

- HzS
NO.x

- cos
so 2

n.f
n.f
n. f.

- methyl mercaptan
- ethyl mercaptan
- unknown ppm
2 ,47 i

d) Moisture S
e) Particulates g/100 m~ (dry)
(method 5)
Dissolved solids
Tar Components
Tota 1 • e•

, • 02

44

3 ,89

44

3,89

f) Flow: m~/h (dry)/Gener.in Operation
- designed
- ca 1cu lated
- measured
Note: For a) n.f

For b) n.f
For c) n.f

5400
5768
•not found•
• < 5 ppmv
• <D,1 ppmv

D,01 vol.-S; trace•

<

* For other hydrocarbons n.f •

<

0,0001 vol-S
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<

D,1

vol.-S

TABLE 5~ RESULTS OF THE WASTE GAS ANALYSIS FROM M.P. 3.2
Gu Stream
M.P. 3.2
Sectfon Generators
Campa f gn
a) Gas Composition vol-I
(•Orsat• and G.C)
-

3

2

H2
CnHm
02
"2
CH 4

- co
- co 2

•orsat•

G.C.

G.C.

39,2
0,6*
o,o
5,0
11, 3
7,7
36,2

44,28
1, 32*
1I52
2. 17
9,31
11 I 23
28,49

34. 1
, • 18*
0,70
2. 54
9,38
9 ,26
42 .o

1371
132
2,27

945
21 ,9
0,574

b) Chem.meth. g/100 m~ (dry)
- H2S
- NH 3

- Phenols

576
529
909
S,77

- HCN

c) G.C. meth. g/100 m~ (dry)
- H2 s
- NOX

28,8

98,2

- cos
- so 2

0,44

- methyl •ercaptan
- ethyl mercaptan
- unknown ppm

54 ,9
23,4
14. 1

d) Moisture S

44 ,2.

e) Particulates g/100 m~ (dry)
(111thod S)

1,37** 2,37**

Flow: m~/h (dry)/Gen.in
- designed
- ca 1cu lated
- measured

*

**

'6 ,2

145,3**
259,8
913,0
1119 ,O**
1174,17**1266,67**

Dissolved solids
Tar Components
Tota 1 • e•
f)

8 ,4.

Operation
36

Other hydrocarbons
Wet fmpfnger
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TABLE 6. RESULTS OF THE WASTE GAS ANALYSIS FROM M.P. 3.5

Gas Stream
H.P. 3. 5.
Section Generators
Campaign
a) Gas Composition vol-s
(Orsat and G-C)
-

"Orsat •
o.o
o.o
o.o
78. 5
o.o
o.o
21.5

H2
cnH•
Oz
"2
CH 4
co
co 2

2

l

G.C.

G.C.

n.f.
trace
o.o
84.46
0.21
n.f.

n.f
trace
7l.4l
o.oo
0.04
n.f
26,5l

18.17

b) Chem.111eth. g/100 mN (dry)
-

o.o
o.s1
0.020

H2S
NHl
Phenols
HCN

10 .o
22.6
4 .fi2

12 • 5
261
0,217
6,5

c) G. C. meth. g/100 mlN (dry)
n.f

- H2S
• NOx
- CDS
- SOz
- methyl mercaptan
- ethyl mercaptan
- unknown ppm
d) Moisture S

n.f.
n.f.
n.f.
96. 6;

e) Particulates g/100 mlN (dry)
(method 5)
Dissolved solids
Tar Components
Total •e•

210

130.9**
97,l**
89.l**

1•05**
l48.8**
368.7**

210

l17,S**

718.55**

3/h (dry)/Gen. in Operation
f) Flow: mN
- designed
- calculated
- measured
N o t e:

*
**
For
For

9

.

< 0,0001 vol-S
Other hydrocarbons; n.f.
wet 1mpingers
< 0, 1 vol.-S
a) n.f.
<
0.01 vol.-S; trace
c) n.f.
<
0. 1 ppmv

.
.
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90.6

TABLE 7. RESULTS OF THE WASTE GAS ANALYSIS FROM M.P. 3.6
Gas Stream
H.P. 3.6

Section Generators
Campa 1gn
a) Gas Composition vol
("Orsat• and G.C)
-

.-s

"Orsa t •
37,0-37,2
0,9-1,2
0,3-0,2
4,8-11,7
9,6-2,9
8,0-12,0
39,4-34,8

H2
CnHm
02
"2
CH 4

- co
- co 2

2

3

G.C.

G. C.

23,40
1 • 16*
, ,20
7,30
9,95
13 ,20
36,80

31 ,6
0,95*
0 .z 3
6,07
11 ,O
12 • 7
37,3

b) Chem. meth. g/100 11~ (dry)
421-363
26
0,027

- HzS
- NH 3

- Phenols

235
5,8
0,465

- HCN

364
n.f
180
10,2

c) G.C. meth. g/100 m~ (dry)
71 ,3

- H2 S
- NOx

- cos
- so 2

76,9
trace
trace

- methyl mercaptan
- ethyl mercaptan
- unknown ppm
d) Moisture S

f) Flow:

o t •:

2 3. 1

161 I 9
186

•e•
m~/h (dry)/ Gen.in Operation

- designed
- ca 1cu lated
- measured
N

86,1; 1,1
22,3
found
10,4; 10,3

e) Particulates g/100 m: (dry)
(Hthod 5)
Ofssolved solfds
Tar Components
Tota I

120,41 101,8

326

•

Other hydrocarbons
** wet 1mp1ngers
< 5 ppll v
For b) n. f.
For c) trace • < 1 ppmv

.
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1,2**

7,1**

33,8** 23,3**
81I1** 31,0**
116,i** 61,4**

TABLE 8. HYDROCARBON CONTENT IN SELECTED GENERATORS SECTION
GAS STREAMS

Measurement
points

Other hydrocarbons
vol.- %

2.2.

trace
trace
not found

trace
trace
trace
trace
not found

trace trace trace
trace trace trace
not found

3. 2.

1,33
1, 32
1. 18

0,84
0,79
0,72

0,38
0,32
0,29

0,11
0,16
0,09

trace
trace
trace

trace
trace

trace
trace
trace

trace trace trace
trace trace trace
trace trace trace

0,63

0,17

2. 68

6 ,2 5

0, 19
0,08

0,71

0,21

0,02

3. 5.

3.6

Note:

1• 16
9,30
1, 02

vol.- %
Cz

C3

trace

C4

C5

6

Benzene

trace trace
0,03
0,05

0, 12
0 ,20
0,02

Trace for hydrocarbons•
< 0,001 vol.-S
not found (n.f) •
< 0,0001 vol.-%
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c+

0.02
0,03

0,05
0,09
0.01

0,05

TABLE 9. SLAG PROPERTIES BECAUSE OF DRIED LIGNITE GASli=ICATION; M.P. 12.2;
(COMPOSITE SLAG SAMPLES ANAL VSIS)
Proximate and ultimate analysis:

36.46
58 ,06
0,08
0,06
0,02
58. 76
0.10
4,78
5,48
4 ,64
1. 35
0,36
3,75

Moisture%
Ash%

Sulfur total %
Sulfur bound %
Sulfur combust %
Coke l
c fix l
Volatiles mat. l
Combustibles mat. l
Carbon dioxide (C0 2 )l
Carbon l
Hydrogen l
(Nitrogen + Oxygen) l

91,38
O, 12
0,10

o,oz
92,47
1 ,09
7,53
8 ,62
7,30
2, 12
0,57
5,91

30.87
62,27
0,07
0,06
0,01
63,65
1. 38
5,48
6.86
5 ,83
1, 72
0,39
4,74

l
l

so 3

l
l

P20s
Ti0 2
Na 2o
K20

37,74
7,50
13,31
31,60
6,08
0,29
0.24
0,90
1 • 15
0,81

l

s
s
s
s
s

35, 77
5,49
13,42
35.80
5,98
0,27
0,24
0,90
0,99
0,73

30 ,23
10 ,38
8,73
41 ,OS
6,44
0,36
0,27
0,80
0,98
0,47

v

.

y

0,982

1 • 102

0,670

Zn
Co
Sr
Sc
Cd

Zr

(Oxidative atmosphere}
Initiation of sintering

oc

1130

1100

1130

Softening temperature

OC

1180

1205

1280

1195

1220

1290

1205

1240

1300

Hemisphere temperature OC
Flow temperature

B
Ba
Be
Mn
Se
Pb
Cr
Ga
Ni
Mo
Cu

Ratio Ac id/Base:
Al203+Si02 + TiOz
te 203+taO+MgO+alta11es
Ash fus1b11 ity:

0

c

34,86
57,83
0, 12
0,08
0,04
57,94
0. 11
7 ,20
7,31
6,50
2,46
0,40
4,01

88. 78
0, 18
0, 12
0,06
88,94
o. 16
11,06
11 • 22
9,98
3. 78
0,61
6,77

Slag spectrochemical
analysis "ppm•

Slag chemical composition:

Si0 2
Fe 2o3
A1 2o3
CaO
MgO

90,07
0,10
0,09
0,01
92 ,07
2,00
7,93
9,93
8,44
2,49
0,57
6,86
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630
1670
below detect ion
2700
2
29
240
37
180
30
137
48
39
56
175
15
4100
20
1 •2

TABLE 10. PROPERTIES OF WASTEWATER (SAMPLING POINT 12.3)

Co mp o n e n t s
pH value
Suspended sol ides mg/l (1os 0 c)
Total Residue of Evaporation
mg/l (10S°C)
Fixed Remainder of Total Evaporation-s residue mg/l (600°C)

10,9
570

11 • 7
559

1330

1991

2550

2314

130

1780

240

1778

760

1432

2090

2110

90

12 75

215

1588

18

49

154

33
28

94
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Evaporation's residue of dissolved
matter mg/l (105° C)

Fixed remainder of Evaporation
residue of dissolved matter,
mg/l ( 600°C)
COD (K 2 cr 2o7 ) mg0 2 /l
Permanganate value, mg/l (KMn0 4 )
800 5 mg0 2 /1
Volatile Phenols, mg/l
Ammonia free, mg/l
Ammonia fixed, mg/1
Cyanide (CN-), mg/l
Hydrogen sulfide mg/1
Ta r+O i1 (ether extracts) mg/l
Chloride (Cl-) mg/l
Sulfates, mg/l
Rhodanate (CNS-), mg/l
Th1osulfates (S 20j). mg/l
Fluorides {F-), mg/l
Nitrites (N02), mg/l
Nitrates (N0 3 ), mg/l
Sulfites (SOj), mg/l

0,3

0. 11

trace
1• 5

1. 6

0,01

<

0,01

trace
0,0

20,5
345

O, 02 5

0,0
25,5
515
0,03

trace
0,65
0,29
4,0

0,90
0,60
5,5
trace
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11 • 0
460

12 • 1

204

90
4,25
0,25
trace
2,3
2,2
trace <0,01
trace
0,0
36
36,5
339
668
0,03
0,02
trace
1,0
1,19
0,30
0,82
4,3
5,61
trace

TABLE 11. VOLUMES OF RECTISOL SECTION STREAMS

Measurement
Point

A mo u n t s
Estimated
Calculated

Measured

2(10,3 t/h}

l

From
design
3

(16 t/h)

3/h
17.220 mN

7.3

10131

m3/h

Raw gas
(Feed for Rec ti so 1
Section)

10410

3 /h
mN

3/h
4870 mN

1753

3/h
mN

3490 m3N/h

2958

3/h
mN

2. 546

3 /h
mN

3/h
7235 mN

5775

3 /h
mN

12. 500

3 /h
mN

5934

3 /h
mN

7.2

N

3 /h
2174- mN
-5300

Waste gas co 2 and
other components
7. 1.

Waste gas
and other components
H2S

7.4.

Glean gas
(Final Product)
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TABLE 12. RESULTS OF THE RAW GAS ANALYSIS FROM M.P. 7.3
Gas Stream
M. P. 7. 3

Section: Rectisol
Campaign
a) Gas Compositlon vol.-S
(Orsat and G.C. Methods)

- Hz
- CnHm

- Oz

- Hz
- CH 4

- co
- co 2
b)

Chem. meth. g/100

2

3

•orut •

G. C.

G.C.

39,8-42,8
0,4-0,4
0,2-0,2
0,9-1,0
9,9-8,8
11,6-9,8
37,2-37,1)

38,07-45,2
1,60-2 ,41*
1 • 63 ·2. 56
1,33-9,48
11,9 -8,92
9,65-10,07
35,82-21,37

36, 1
1 ,21 *
0,55
1. 55
I Z ,8
13,5
33,4

m~ (dry)
1097-1181
130-138
0,352
84-85

- H2 S

- NH 3
- Phenols
- HCN

673-804
0,25
0, 129
7,30

c) G.C. meth. 9/100 m~ (dry)
150-425

- H2 S

681,5

- NOx

- cos
- so 2

19 ,8

- methyl mercaptan
- ethyl mercaptan
- unknown ppm
d)

21-73

116,6
27 ,2

Mo fsture S

e) Particulates g/100 mN (dry)
(method 5)
Dissolved sol ids
Tar Components
Total "e"
f) Flow:

mN/h {dry)/ Gen. in

- designed
- ca 1cu lated
- measured

N o t e:

operation

17.220
10131;

* Other hydrocarbons
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10410

TABLE 13. RESULTS OF THE WASTE GAS ANALYSIS FROM M.P. 7.2
Gas Stream
M. P. 7. 2

Section: Rectisol
Campaign

2

a) Gas Composition vol.- S
(Orsat and G.C. Methods)

- Hz

"Or sat"
0,0
0,0
0,3
1,4
9,4
1'2
87,7

- CnHm
- Oz
- N2

- CH 4

- co
- co 2

b) Chem.meth. g/100

m~

3

G.C.

G.C.

0,63-0,20
0,96-1 ,45 11
0,10-0,62
2,47-3,74
1,41-1,81

0,83
0 ,49 11
0,06
0,32
0,94

93,98-91,77

94,08

(dry)
0,0-21
0,0
0,0-0,027

- H2 S

- NH 3
- Phenols
- HCN

13,7-00
0,0
0,009-0,068

10,0
0,35
1 • 53

c) G. C. meth. g/100 m~ (dry)
0,67

- H2 S

- NOX

- cos

trace

-

0,9
4,0

SOz
methyl mercaptan
ethyl mercaptan
unknown ppm

1 ,8

d) Moisture S
e) Particulates g/100 m~ (dry)
(method 5)
Dissolved solids
Tar Components
Total "e"
f) Flow: mN/h (dry)/Gen.in operation

- designed
- cal cu lated
- measured
N o t ":

fl

2174-5300
4870

Other hydrocarbons
<
For c) trace •

1 ppmv
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TABLE 14. RESULTS OF THE WASTE GAS ANALYSIS FROM M.P. 7.1

a) Gas Composition vol-%
(Or sat and G. C. Methods)

"Orsat•

2

3

G.C.

G.C.

- Hz

I, 6

0,02·0,07

- CnHm

0,2

I ,46·1 ,54*

- 02

0,0

0,41-0,23

- "2
- CH

0,2

0,81-0,59

8,6
1, 8
87,0

4,44-1,65
2,93·1,65
87 ,94-91 ,45

1 519
0,86

4138 - 4224

4

- co
- co 2
b) Chem.meth. g/100

NF
0,77*

0,51
1 39
4I I5
2 ,64
86,94
I

m~ (dry)

- H2S
- NH 3

0 I 028

- Phenols

0,0 - 1,7
0,007-0,011

3 541
167
0,27
10 t 1

- HCN

c) G.C. meth. g/100

m~ (dry)

- H2 S

3293

4083

trace

\33,9

210

786,4
201,5

- NOX

- cos
- so 2
- methyl mercaptan
- ethyl mercaptan
• unknown ppm
d) Moisture %
e) Particulates g/100

m~

(dry)

(method 5)
Dissolved sol Ids
Tar Components

f) Flow:

m~/h (dry)/Gen. in operation

- des 1gned
- calculated
- measured

2546
3490**

g) Heating value***
Gross kcal/m~
Net kcal/m~

N o t •:

965
870

*Other hydrocarbons; ..at M. P. 20, 1 (l. 7.19781. F
traee = .< ppmv; •ucalculated without Sulfur
' Compounds
or c1
Com b ust1on !Prof. G. Wagener)
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840-555
785-525

650
600

TABLE 16. RESULTS OF CLEAN GAS ANALYSIS FROM M.P. 7.4
Gas Stream
H.P. 7. 4
Section: Rectisol
Campaign
a)

Gas Composition vol.-S
(Orsat and G.C. Heth.)

•orsat•

- Hz

- Oz

66. 1
0,3
0,1

- Hz

1, 5

- CnHm

13,5
16,5
Z,O

- CH 4

- co

- COz
b)

z

z

Chem.meth. g/100 m~

•orsat•
62,4-65,0
0,4-0,4
0,1-0,1
0,8-1,0
16,1-14,2
17,3-16,5
2,6-2,6

•orsat•

G.C.
64,78-62,09
0,42-0,54*
1,50-1,76
2,71-2,46
16,25-15,22
11,06-15,34
2,65-2,22

G.C.

62 ,2
0,3

63,9
0,27

0. 1

I ,2 3
5 ,87
11. 93
14. 33

2,0
17,6
17. 1
0,7

n.f.

(dry)

- H2S

0,0

0,0

- NH 3
- Phenols
- HCN

0,0

0,24-0,20
0,016-0,014

c) G.C. meth. g/100

3

m~ (dry)

- HzS
- NOX

0,20

- cos

n.f.

- so 2

n. f.

- methyl mercaptan
- ethyl mercaptan
- unknown ppm

0,2
trace

d) Mo tsture S
e) Particulates g/100 m3
(method 5)
N
Dissolved solids
Tar Components

(dry)

Total "e"
f) Flow: m~/h (dry)/Gen, tn operation
- designed 12.500
- calculated
- measured
g) Heating value**
Gross kcal/m~
Net kcal/m~

No t

11:

5775;

5934
7235

3870
3415

4050
3590

* Other hydrocarbons; n.f •not found.
For a) n. f • 0,01 vol. -s; For c) n. f. •
** Calculated (Prof. G. Wagener)

392 5
3470

<
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0, 1 ppmv:

3950
3480

3930
3480

trace •

4155
3685

<

1

ppm;

3580
3155

TABLE 16. HYDROCARBON CONTENT IN SELECTED RECTISOL SECTION GAS STREAMS

Measurement
Points

Other
hydrocarbons

vol-%
Benzene

7.3

1. 60
2,41
1 • 21

1,04
1 • 11
0,65

0,35
0,40
0,35

0,20 0.01
0,24 0,37
0,15 0,04

7.2

0,96
1, 4 5
0,49

0,37
0,59
0,29

0,27
0,37
0,20

0.21 0,09 0.02
0,23 0,17 0,09
trace trace n.f

7. 1

1,46
1. 54
0,77

0,63
0,73
0,34

0,32 0.2 7 0,21
0,39 . 0, 19 0. 11
0,22 0,14 0,06

0,03
0. 12
0,01

7.4

0,42
0,54
0,27

0,35
0,4 5
0,2 5

0,07 n.f
0,09 n.f
0,004 n.f

n.f
n.f
n, 02

N

0

t

e:

n.f
n.f
n.f

n.f = not found = < 0,0001 vol.-%
Trace for hydrocarbons= < 0,001 vol.-%
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trace
0,29
0.02

TABLE 17. VOLUMES OF TAR SEPARATION SECTION EMISSIONS

Measurement
Point

A mo u n t s

Measured
1

From design
2(16 t/h)

Evaluated and
calculated
3 (10,3 t/h}
3 /h
0,32 mN

13. 1. Tar Tanks

0,5

3/h
mN

13. 3. Medium Oil Tank

94

3/h
mN

60,5

3 /h
mN

9

m3/h

5,8

3/h
mN

3/h
30-360 mN

210,3

3/h
mN

3/h
13 mN

8,4

3/h
mN

13. 5. Gas Condenser Tank
13. 6. Expansion gases to
waste gases flare
13. 7. Phenolic
water tanks
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TABLE 18. RESULTS OF WASTE GAS ANALYSIS FROM M.P. 13.1

Gas Stream
M. P.

13. I

Section: Tar Separation
Campaign

3

2

a) Gas Composition vol.-S
(Orsat and G.C)

"Orsa t •

G.C

1, I
o,o-o,6
15,6
80,4
0,6
0,3
2,0

- Hz
(;nHm

-

- Oz
- Nz
- CH 4

- co
- co 2

n.f

0,01*
19,20
78. 90
0,08
n.f

1 • 11

G.C
trace

0,01*
19,60
72. 12
0, I 0
n.f
3,09

b) Chem meth. g/ 100 m3 (dry)
N

297
2,81
0,0185

- HzS
- NH 3
- Phenols

52,3-1140
1 51

2 ,046

- HCH

1920 ( 1920)
198 ( 198)

22,06
1s.37

c) G.C. meth. g/100 m3 (dry)
N

59,2-75,9

- HzS

273

- NOX

- cos
- so 2

n.f

- methyl 111ercaptan

trace - 26

- ethyl mercaptan

130. 1
66,7

- unknown ppm
d) Moisture S

26,8

e) Particulates g/100 mN/dry/
(method 5)
- dissolved solids
- Tar Components
Total "e"

f) Flow:

m~/h

(dry)/ Gener.

fn Operation

-designed
-calculated 0,5
-measured

No t •:

Other hydrocarbons Xi Trace for hydrocarbons •
n.f • not found
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< 0,001S

TABLE 19. RESULTS OF WASTE GAS ANALYSIS FROM M.P. 13.3
Gas Stream
H.P. 13.J
Sett1on Tar Separat1on
Campa 1gn
a) Gas Composition vol.-S
(Orsat and G.C)
• Hz

- CnHm
- Oz

- "2

2

3

"Orsat"

G.C

G.C

Z0,4
0,9
0,6

22,48
2,75*
0,84
3,02
2,74
3,06
50,67

n. f
0,96*
0,89

I •I

- CH 4

9,7
5,3
62,0

- co

• COz
b) Chem. meth. g/100

3,36

7,64
n. f
86,36

mN (dry)
5639-3647
3,49
0,0177

- H2 S

- NH 3
- Phenols
• HCN

62 75
1. 3
0. ti 4

940
408
4 5 ,2

6,31

c) G.C. meth. g/100 mN (dry)
• HzS

952

1882

135

216,4
126,5

• NOX

- cos
- so 2
- methyl mercaptan
- ethyl mercaptan
- uknown ppm

ti ,4

d) Moisture S
e) Particulates g/100 m~ (dry)
(method 5)
- Dissolved solids
Tar Components
Total •e•
f)

Flow: mN/h (dry)/ Gener. in
Operation
- designed
- ca 1cu lated
94
- measured

N o t •:

*

Other hydrocarbons
n. f • not found
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TABLE 20. RESULTS OF WASTE GAS ANALYSIS FROM M.P. 13.5
Gas Stream
M. P. 13. s
Section Tar Separation
Campaign
a) Gas Composition vol.- i
(Orsat and G.C.)
- H2
- CnHm
- 02
- "2
- CH 4

- co
- co 2
b)

"Orsat•

2

3

G.C

G.C

16,2
0,8
12,8
49,8
4,6
3,6
12 ,2

13,78
0. 13* - 2 • 63*
15. 14
58,01
2., 0
n.f
9,06

14,63
0,22*
16,60
60,99
1 • 19
n.f
6,15

788

1055
62
4,79

938,4
n.f.
0 ,4 56
20,34

Chem. math. g/ 100 m~ (dry)
-

H2 S
NH 3
Phenols
HCN

3. 72

0,0177

c) G.C. meth. g/100 mN (dry)
125,8

- H2 S
- NOX

- cos
- so 2

45,2
19,76

- methyl mercaptan
- ethyl mercaptan
- unknown ppm
d) Moisture

1 ,0

I

e) Particulates g/100 m~ (dry)
(method 5)
Dissolved solids
Tar Components
Total •e•
f) Flow: mN/h (dry)/Gen.in Operation
- designed
- ca 1cu la t ed 9
- measured

N

°t

• : •Other hydrocarbons
Not found - n.f
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TABLE 21. RESULTS OF WASTE GAS ANALYSIS FROM M.P. 13.6
Gas Stream
M. P. 13. 6
Section Tar Separation
Campaign
a) Gas Composition vol.- S
(Orsat and G.C.)

"Orsat"
2 5,4
0,8
0,6
3,5
9,3
7,8
52,6

- H2
- CnHm
- 02

- "2

- CH 4

- co
- co 2

2

3

G.C

G.C

9,87
2,69*
I ,I0
1,78
5,91

6,75
71. 73

11 • 1
1,23*
0,47
0,56
6,07
7,17
72, 1

b) Chem. meth. g/100 m~ (dry)
1594

- H2 S
- NH 3

4,0
0,056

- Phenols

2936
32 ,O
4 ,454

2081
1484**
4, 157
8,22

- HCN

c) G.C, meth. g/100

m~ (dry)
1745

- H2 S

- NOX

- cos
-

n.f

S0 2
methyl mercaptan
ethyl mercaptan
unknown ppm

195 ,2

76,7

d) Moisture S
e) Particulates g/100 m~ (dry)
(method 5)
Dis solved sol ids
Tar Components
Total "e"
f) Flow: m~/h (dry)/Gener. in Operation

- designed
30-360
- calculated
- measured

No t •:

*

Other hydrocarbons; Trace for hydrocarbons • < 0,001S
Condensate had 1436 g/100 m~ phenols in Campaign 2
** with condensate
n. f • not found
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TABLE 22. RESULTS OF WASTE GAS ANALYSIS FROM M.P. 13.7
Gas Stream
M. P. 13. 7
Section Tar Separation
Campa I gn
a) Gas Composition vol.-S
(Orsat and G.C)

"Orsat"
0,0
0,0-2,2
13,0
53,4
0,4
0,0
33,0

- 02
- N2
- CH 4

- co
- co 2

2

3

G.C.

G.C.

0,02
0,14*
10,78
48,65
0,20
n.f
39,32

Trace
0 ,2 5*
12 '60
52. 65
0' 18
n.f
28,9

b) Chem. meth. g/100 m~ (dry)
-

1054
3,75
0,021

H2S
NH 3
Phenols
HCN

2518
618
7,12

981
895
0,366
4,64

3

c) G.C. meth. g/100 mN (dry)
74,4

H2 S

274,7

NOx

cos
so 2

n. f.

trace

- methyl mercaptan
- ethyl mercaptan
- unknown ppm

41 ,0

d) Moisture '.I:
e) Particulates g/100 m~ (dry)
(method 5)
Dissolved solids
Tar Components
Tota 1 •e•
f) Flow: m~/h (dry)/Gen.in Operation
- designed
- calculated
- measured
• o t e:

1 31 '9

110 ,4

13

* Other hydrocarbons; trace for hydrocarbons • < 0,0011;
Condensate in Campaign 2 had 14,36 g/100 m~ phenols;
not found = n. f
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TABLE 23. HYDROCARBONS CONTENT IN SELECTED TAR SEPARATION SECTION
GAS STREAMS

Measurement
Points

Other
hydrocarbons
vol.- %

13. 1

0,01
0,31
0,01

13.3

1,56
2,76
0,956

0,39 0,24
0,42 0,32
0,62 0,16

0,39
1 , 66
0,006

0,21
0,20
0,08

0,33
0,16
0,09

13.5

1, 07
0,13
0,22

0,40 0,21
0,09 0,02
0,07 0,05

0,27
0,02
0,03

0,13
trace
0,04

0,06
trace
0,03

13.6

1,49
1 , 19
2,69
0 ,85
1 •23

0,91
0,72
1,05
0,53
0,4

0,37
0 ,29
0,62
0,21
0,33

0,21
0. 11
0,72
0,09
0,27

trace
0,05
0,15
0,02
0,15

trace
0,02
0,15
trace
0,08

13.7

0,28
0. 14
0 ,2 5

0. 11 0,06
0,01 0,08
0,02 0,01

0,02
0,05
0,05

0,07
trace
0,09

0,02
n.f
0,08

N o t e:

C2

vol.- %
C4
C5

C3

0,01 trace trace
0,04 0,03 0,24
trace 0,004 0,005

Trace for hydrocarbons
not found (n.f) =
<
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=

c+

n.f
trace
trace

0,001 Vol.- S
0,0001 vol.- i
<

6

Benzene

n.f
n.f
0,001

TABLE 24. VOLUMES OF PHENOSOLVAN SECTION STREAM EMISSIONS AND Of
EXPANSION GASES LARGE FLARE

Measurement
Points

Amo u n
Measured
1

14.5

Column 1 vent

14.9

Grude phenol

t

From design

Evaluated and
calculated

2 (16 t/h)

3 (10,3 t/h)

144

m~/h

tank vent

20.1

Gases to Large
Flare

13

14.11 Waste waters

N o t e:

During sampling the Phenosolvan Section was not in
normal production conditions; wastewater had a high
content of phenols. For that reason the quality data
of wastewaters are not given.
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TABLE 25. RESULTS OF WASTE GASES ANALYSIS FROM M.P. 14.5
Gas Stream
M. P. 14. 5
Section Phenosolvan
Campaign
a) Gas Composition vol.-S
(Orsat and G.C. methods)
- H2
- CnHm

"Orsat"

0,4

- 02
- Nz

- CH 4

- co
- co 2

99,0-17,6

2

3

G.C.

G.C

n.f
0,07*
2,30
1 • 99
trace
n.f
91 ,42

n.f
trace•
16,07
59,20
trace
n.f
24,50

b) Chem. meth. g/100 mN {dry)
0,0
2 611
0,0925

- H2 S

- NH3
- Phenols
- HCN

534
16,6
614,3

6510-7058
16931-43563
15758-15529
29,97

3

c) G.C. meth. g/100 mN (dry)
1093

trace

- H2 S

- NOx

- cos
- so 2

n,f.
n. f.

- methyl mercaptan
- ethyl mercaptan
- unknown ppm

30,85
8,8

trace

d) Moisture l

82 ·';

e) Particulates g/100 m~ (dry)
(method 5)
Dissolved solids
Tar Components
Total •e•
f) Flow: mN/h (dry)/Gen. in Operation
- designed
- calculated 144
- measured
Not•:

*Other hydrocarbons; trace• < 0,001 vol.-S
n.f •not found; For a) n.f
< 0,01 vol.-S For c) n.f.•<
ppmv1 Content of H2S in condensate• 548-615 g/100 m~
Content of NH 3 in condensate • 26632 g/100 m~ (Campaign 3)
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0,1

88,3

TABLE 26. RESULTS OF WASTE GASES ANALYSIS FROM M.P. 14.9
Gas Stream
M.P. 14.9
Section Phenosolvan
Campaign
a) Gas Composition vol.-S
(Orsat and G.C. Methods)
- H2

- CnHm
- 02

- Nz
- CH 4

- co
- co 2

z

3

•orsat •

G.C

G.C

0,0
0,0
18,6
80,8
0,6
0,0
0,0

n.f
trace*
18,79
79,89
trace
n.f
n,f

n.f
trace*
20,45
76,26
trace
n.f
n.f

b) Chem.math. g/100 m~ (dry)
0,0
0,0
0,0174

- H2S
- NH 3

- Phenols

- HCH

c)

G.C. meth. g/100

456-1070
19,8
28. 7

27,3
0,92
8,62
4,07

m~ (dry)
n,f

- H2 S

- NOX

- cos
-

SOz
methyl mercaptan
'thyl mercaptan
unknown ppm

n,f
n,f

d) Moisture S
e) Particulates g/100 m~ (dry)
(method 5)
Dissolved sol fds
Tar Components
Total •e•
f) Flow: m~/h (dry)/Gen. fn Operation
- Designed
- Calculated
- Measured

0,1

n.f •not found;
For a) trace •
For c) n.f.

* Other hydrocarbons
<

0, 1

<

0,1 ppmv

VO 1 ,

- S
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TABLE 27. RESULTS OF EXPANSION-WASTE GASES ANALYSIS FROM M.P. 20.1
Gas Stream
M.P. 20. I
Section Expansion
gases Large Flare
C111p11gn
a) Gas Composition vol.- S
(Orsat and.G.c. Methods)

•or sat•

2

3

G.C

G.C

trace

- H2

n.f

- CnH•

O, 79*

- 02
- "2
- CH 4

0,37
1,86
4,83

- co
- co 2

n.f

n.f

91 • 55

88, 10

2,84*
0,06
O,S
, 0 ,4,

b) Chem. meth. g/100 m~ (dry)
0,4

- H2S

vol.·S

2900

- Phenols

0,424-0,467
12. s

- HCN

c)

1295•1625

n.f

• NH 3

G.C. meth. g/100 ·~ (dry)
167

- H2S

2747

• MOX

- cos

75,5

- 502

- methyl mercaptan
- ethyl mercaptan
- unknown ppm

trace

d) Mo 1sture S
•) Particulates g/100 m~ (dry)
(method S)
Dissolved solids
Tar Co111pon1nts
Tota 1 • 1•
f) Flow: 111~/h (dry)/Gener. in Operation
- designed
• calculated 2990-3320
- measured
N o t •:

3490

* Other hydrocarbons; Not found • n. f.
< 0,1 vol.- S n. f. • < 0,01 vol.-S
for a) trace •

For b) n,f.
For c) trace •

<
<

5 ppmv
I ppmv

167

317
165

TABLE 28. HYDROCARBONS CONTENT IN SELECTED PHENOSOLVAN SECTION GAS
STREAMS AND IN EXPANSION GASES LARGE FLARE

Measurement
Points

Other
Hydrocarbons

14.5

0,07
trace
trace

0,01 0,04
n.f n.f
trace trace trace trace trace
trace trace trace n.f
n.f

14.9

trace
trace

trace trace trace trace
trace trace trace n.f

n.f
n.f

20.1

0,79
0. 52
2,84

0,38
(j. 19
1,01

0,01
0,02
0,07

N

o t e:

C2

C3

C4

C5

vol.- s

c+6 Ben-

zene

o. 02

0,27
0. 11
1,03

0,09
0 .12
0,59

0,04
0,08
0,14

• < 0,001 vol.- S
Trace for hydrocarbons
Not found • n.f • < 0,0001 vol. - s
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TABLE 29. VOLUMES OF THE MOST IMPORTANT STORAGE SECTION GAS EMISSION
INTO THE ATMOSPHERE

Measurement
Point

Amo u n t s
Measured

From design

Eva 1uated and
calculated

1

2 (16 t/h)

3 (10,3 t/h)

15.3 Gasoline
Tank Vent
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TABLE 30. RESULTS OF THE WASTE GAS ANALYSIS FROM M.P. 16.3
Gas Stream
M. p • 15. 3
Sect 1on Storage
Campaign
a) Gas Co11posit1on vol.-S
(Or sat and G.C. Methods)
- H2
- CnH11
- 02
- "2
- CH 4

- co
- co 2

2
"Orsat •

o,o
0,2
9,0
90,6

3

G.C
n,f
0,223•
4, 12

G.C
n.f
0,69•
3,89
95,32
n.f
n.f
n.f

95,29

o,o

trace
n.f
n,f

0,0
0,4

b) Che11.11eth. g/100 ·~ (dry)
-

HzS
NH 3
Phenols
HCN

28, 56
1, 77

0,034

126-329
0,9
0,268

237
n.f
0,0562
129,45

n.f

10,5••

d) G.C. Meth. g/100 mN (dry)
- HzS
- NOX

- cos
-

n.f.

S0 2
methyl merca~tan
ethyl mercaptan
unknown ppm

n.f
n.f

872, 1
1857
18

d) Mo1sture S
e) Particulates g/100 m~ (dry)
(method 5)
Dissolved sol ids
Tar Components
Tota 1 •e•
f) Flow: 11~/h (dry)/Gen. in Operation
- designed
- ca 1cu lated 0, 14
- measured

N o t •:

.

Other hydrocarbons; .... unsure identification
For a) trace • < 0,1 vol.-S; Not found • n.f •
< 5 ppmv
For b) not found • n.f.
< 0. 1 ppmv
For c) not found •
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<

0,01

vol-I

TABLE 31. HYDROCARBON CONTENT IN SELECTED STORAGE SECTION GAS EMISSION
INTO THE ATMOSPHERE

Measurement
Point

Other
hydrocarbons
vol.- s

15.3

0,223
0,69

vol. - S

e+6

0,007
0,009
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0,004 0,030 0,095 0,087
0,007 0,10 0,39 0,18

Benzerie

TABLE 32. DATA ON LIQUID PRODUCTS

Products

Medium

Tar

Phenol

15. 2

15. 1

15. 4

1. 55
t/h
0,80
0,95

2,2
t/h
1,08
0,92
0,75

0,2

9880
. 9395
82,43
8,96
2. 1
12,0

8710
8275
72. 51
8,06
0,7
3,8

10
0,845

0,972

Ga soline

011

Measurement Point

15. 3

Amounts, calculated

0,65
t/h

from design

Water,%
Ash,%

0,0
1,45

Total Sulfur %

Heating value
Gross kcal/kg
Net kcal/kg
Carbon %
Hydrogen %
Phenols %
Other Phenols % cc.a
(o,m,p,cresol; ethyl
phenol; dimethylphenol;
trimethyl phenol)
cca
Pyridines %
3
Spec.gravity, g/cm
Residue after extraction
with toluene and benzene

9395
8925
78,07
8,72

1 ,059
6,9

%

172

0,38
t/ h

7790

TABLE 33. HEAT BALANCE

F e e d

Coal
StaH
Electric
curr.

Amount

Heat 1ng value
kca 1 /kg

A111ount of
heat (kcal/kg
of lignite)

s

of coal

3.470 Kcal/kg
743 kcal/kg

3.470,0
594 ,4

0.1535 KW/kg

3,000 kcal/KW

460,5

76,68
13. 14
10. 18

4.524,9

100,00

1 kg
0,8 kg/kg

of coal

Heatin~

value
kcal/mN; kcal/kg

Amount of heat
kcal/kg of coal

S share

3600 kc1l/11~

2.183,3

48,22

8042 kca 1I kg

477 ,7

10,56

0,3348 .JN

766 kcal/11~

256,5

5,67

0,00625 kg

7000 kcal/kg

43,8

0,97

kcal/•~

32,4

0,72

7 ,2

0. 16

Output

A•ount

Chan gas

0,6062 •H3
per kg

L1qu,id prod.
(gasoline,
•ed. oi I, t1r,
phenol)
Wasta gases
flare
Heavy tar

share

COil

0,0594 kg/kg
of coal

per kg coal
per kg coal

co 2

vent

Other vents

O, 1702 •N3
per kg coal

0,3615 -~

190

19,95 kcal/m:

Heat conaumption for re-

quired power

generation

Heat consumption for required st11•
generation
Conveyed hta t
(Stea•-raw gas)
Conveyed heat
(hot dry raw
IS

Slag losses

460,5 kcal

701

322

7, 11

r r kg coal
!14,4 kcal
per kg coal

101

69,4

1. 32
10,21

0,7 kg/kg
of coa 1

660 kcal /kg

462

1,0636 • 3

per kg cna 1

101 kcal/11~

107,6

2,38

o. 1625

120 kcal/kg

19,5

0,43

554. 5

12,25
100,00

er k

kg
coal

Other not sta•
ted heat losses
and balancing
error

4. 524 ,9
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TABLE 34. CARBON BALANCE

F e e d

1 kg of coal

Carbon content 11 C11
42.72%

Amount
kg C/ kg
of coal
0,4272

% share

0,176 kg/m~

0,1067

24,98

100,00

Output:
Clean gas

0' 60 62 m~/kg
coal

Waste gases
flare

0,3348 m~/kg
coat

0,490 kg/m~

0,1640

38,39

0,1702 m~/kg
coal

0,512 kg/m~

0,0871

20,39

0,3615 m~/kg
coal

0,0326 kg/m~ 0,0118

2,76

co 2

vent

Other vents
Liquid products (gasoline, medium
oil, t.ar, phenol)

Heavy tar
S1a g-a sh

0 t 0594 kg/ kg coal 78,15%

0,0464

10,86

0,00625 kg/ kg
coal

0,0045

1 t 05

0,0046

1,08

0,0021

0,49

o,4272

100,00

0' 162 5
coal

kg/ kg

Losses (wastewater, etc.)
and balancing
error

174

72%
2,83%

TABLE3~

Coal feed

1 kg

SULFUR BALANCE

s

content
1. 15%

Amount
( gS/ kg of
coal)
11. 5

% share
100

Out~ut:

Slag
Waste gases
flare

0' 162 5 kg/ kg
coal

0,3348/m~/kg

coal

m~/kg

co2 flare

0,1702
coal

Clean gas

0,6062 m~/kg
coal

0,1375%

31. 2 ~
gS/mN

0,223

1 • 94

10,477

91 '11

0' 02 58 gS/m~ 0,0038

0,033

1,30.10 -6

2,14.10 -6

0,000

gS/m~
Liquid products

0' 0 594 kg/ kg
coal

0,8%

0,475

4. 13

Heavy tar

0. 00625 kg/ kg
coal

0,71%

0,044

0,38

Other vents

0,3615
coal

0,383

3,33

m~/kg

-1, 06 g/m~

Total
Balancing error

+

175

11 • 61
0. 11

+

100,923
0.923%

TABLE 36. EMISSIONS OF OTHER MAJOR POLLUTANTS

(During gasification of 10 t/h of dried lignite)
As determined by measurements, the following is emitted
during gas production according to Lurgi process at a
rate of 10 t of dried Kosovo lignite per hour:
a) From various vents in sections: Generators, Phenosolvan,
Tar Separation and Storage (Measurement Points: 2.2;
3.2; 3.5; 13.1; 13.3; 13.5; 13.7; 14.5; 14.9; 15.3)

Pollutants

SuHur (H2S; COS,
CH 3SH. CH 3 CH2SH)
As "S"

Flow rate

(m~/h)

Concentration (g/m~)

Amount
g

3615

1 , 06

3 832

Ammonium {NH 3 )
Phenols

3615

0,11

398

3615

1,28

4 627

Hldroclanic acid {HCN)

3615

0,0099

Hldrocarbons {CnHm)

3615

0,4

1 446

Hydrogen {H)

3615

0,3773

1 364

Carbon monoxide {CO)

3615

1,239

4 478

Carbon dioxide (C0 2 )

3615

86,59

313 032

Methane {CH 4 )

3615

0,0627

Particulates

3615

176

41,08

35,8

227
148 498

TABLE 36. {continued)

b) From co 2 Vent; Section Rectisol; Measurement
Point 7.2.

Pollutants

Flow rate

Concentration

Amount

(m~/h)

(g/m~J

As "S"

1702

0,0258

43,9

Ammonium (NH 3 )

1702

0.01

11.0

Phenols

1702

0,068

115. 7

Hydrocyan ic acid (HCN)

1702

0,0153

26,0

Hydrocarbons (CnHm)

1702

6,557

11169

Hydrogen (H)

1702

0,719

1 224

Carbon monoxide (CO)

1702

o.o

0,0

(co 2 )

1702

Suli!hur

g

(H2S• COS,
CH 3 SH)

(CH 3 CH 2SH)

Carbon dioxide
l'lethane (CH 4 )

1860
5,713

1702

177

3 165700

9726

TABLE 36. (continued)

c) From Plant waste gases Large Flare, Measurement
Point 20.1. {Waste gases from MP 3.6; 13.6; 7.1)

Pollutants

Flow rate Concentration

(m~/h)

Amount After 1nc1nerat1on, g
g

(g/m~)

Sulphur (H 2S; COS,
CH 3SH, CH 3 CH2SH)
As "S"

3348

26,88

89 994

Ammonium (NH 3 )

3348

0,52

1 741

Phenols

3348

0,04

134

Hydrocyanic acid {HCN)

3348

0 1

335

Hydrocarbons (CnHm)

3348

13,4

44 863

Hydrogen {H)

3348

Carbon monoxide {CO)

3348

45 ,2

Carbon dioxide

3348

1635.6

{C02)

t

2,534

3,344

8 485
151 247
5 475 896 6 154 000

Methane ( CH 4 )

3348

Nitrogen oxides (N0 2 )

3348

5 164

Sulehur dioxide {502)

3348

179 988

178

11 196

TABLE 36. (continued)

d) In the slag (Measurement point 12.2)

Pollutants

Sulfur as "S"

Flow rate
(t/h)

Concentration
( g/t)
1.33

1. 62 5

Amount
g
2, 161

e) In Wastewater (Measurement Point 12.3)

Pollutants

Flow rate
3
m /h

Concentration
g/m3

Amount
g

Sul2hur "S"
(Sulphites. thiosulphates. sulphates.
rhodanides. hydrogen
sulphide)

1'0

155

155

Ammonium

1,0

1,9

1.9

Phenols

1. 0

1,227

1,227
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KOSOVO GASIFICATION TEST PROGRAM RESULTS-PART II
DATA ANALYSIS AND INTERPRETATION
Karl J. Bombaugh* and William E. Corbett

Radian Corporation, Austin, Texas

ity of those facilities. Through its participation
in the Kosovo test program, the EPA hopes to
gather critical data needed to specify control
priorities and support reasonable performance
standards for future U.S. gasification facilities
based on Lurgi technology.
The Kosovo test program is divided into two
· phases of effort. In Phase I, a broad screening
study of the Kosovo Plant and its emission
streams was conducted. Approximately 50 key
process and emission streams were sampled,
and analyses were performed to determine the
concentrations of the major components present in those streams. Phase I testing was completed in November 1979.
In Phase II of the Kosovo test program, a
more select group of process and emission
streams (approximately SO) will be characterized in greater detail. A major portion of this
test phase will involve measuring the concentrations of trace and minor components in the
plant's "high priority" emission streams. Work
on this test phase is scheduled to be initiated in
early summer of 1979.
The first part of this paper summarizes the
processes and emission streams studied, the
procedures used, and the results obtained during the Phase I test period. This writeup includes an interpretive analysis of the Phase I
test results. The topics to be addressed include:
• Lurgi process environmental problems and
control priorities, and applicability of the
Kosovo data to the U.S. gasification industry;
• Key data gaps, additional questions raised,
and problems unresolved by the Phase I test
results; and
• Phase II test. plans.
As a result of the Phase I test program, the
emission streams specifically associated with
the Kosovo gasification facility and generally
associated with Lurgi technology have been
defined. In subsequent sections of this paper,
the data gathered to characterize the air emis-

Abstract
Tliis presentation is a progress report on an
EPA-sponsored program to characterize environmental problems associated with the gasification of lignite in a 'commercial-scak plant
using Lurgi gasifiers. The data acquisition activities associated with this program are being
conducted at a gasification complex in the
Kosovo region of Yugoslavia as an international, cooperative effort between the United States
and Yugoslavia.
The Kosovo test program is being implemented· in two phases. Phase I, now completed,
addressed major and minor poUutant emissions.
Phase 11, to begin in the summer of 1979, wiU
focus on significant trace poUutant emissions,
such. as trace elements and hazardous trace OJ'>
ganics.
Because tliis presentation is based on the data.
th.at was gathered during the first test phase, it
addresses primarily the bulk properties of the
plant's major emission and eff1uent streams. It
wiU be presented in two parts. The first part, by
M. MitroviC , addresses test procedures and results. The second part, by Radian Corporation,
consiMrs the implications of those results in
relation to control requirements for U.S. gasifications plants.

INTRODUCTION
The overall objective of the Kosovo test program is to characterize the environmental problems associated with an operating, state-of-theart, commercial-scale, Lurgi gasification system. Because the Lurgi process has been prominently mentioned in several companies' plans
for pressurized gasification systems in the
United States, the U.S. Environmental Protection Agency (EPA) is anxious to develop a sound
basis for ensuring the environmental acceptabil*Speaker.
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The coal-feeding system at Kosovo is another
significant air emission source. The high-pressure gas stream from the coal lock system is
flared, while the low-pressure vent stream is released directly to the atmosphere. Venting this
stream would not be an environmentally acceptable option in the United States.
The generator startup vent gas stream was
not studied in Phase I. Variations in the flow
and composition of this stream will be studied in
Phase II.
In the tar separation section, the condensation of tars, oils, and phenolic water (at about 25
atm pressure) and the subsequent depressurization and release of those liquids into a series of
surge tanks results in generation of:
• A low-pressure flash gas stream that is
routed to the flare; and
• Flash gases from the tar, medium oil, and
phenolic water surge tanks that are vented
directly to the atmosphere.
The vent gas streams leaving the medium oil
a~d phenolic water surge tanks at Kosovo are
particularly significant because of their high
flow rates and relatively high concentrations of
problem pollutants.
The only remaining waste stream that is particularly significant at Kosovo is the phenosolvan unit condensate stripper vent. This stream
results from the steam stripping of process condensate upstream of the phenol plant ether extraction section. As anticipated, this stream was
found to contain NH3, acid gases, and a variety
of other volatile components that leave the tar
separation section with the process gas liquor.
All of the streams mentioned above would require considerable attention in U.S. gasification
plants. With the exception of the two Rectisol
section acid-gas vent streams (which require
special attention), all of these streams should be
collected and either incinerated or recycled.
Other air emission streams that are not as
significant as those mentioned above but that
will require attention in a U.S. gasification facility are the following:
• Coal bunker and ash lock vent gases: these
streams mainly represent potential sources
of particulate emission; and
• Storage tank vent gases: these sources
should be controlled in a U.S. Lurgi plant,
but their collective impact is considerably
less than the impact caused by the surge
tank vents in the tar separation section.

sions, liquid effluents, and solid wastes
generated in the Kosovo plant are discussed,
and plans for future testing are summarized.
In order to provide a consistent basis for the
discussions that follow, the reader's attention is
directed toward Table 1 and Figures 1 through
8. These materials indicate the sources for all of
the plant's major emission streams.

Air Emission Streams
The major sources of air emissions in the
Kosovo plant are summarized in Table 2. As indicated in that table, there are nine major
classes of air emission sourc~s in the plant.
One of the most significant air emission
sources at Kosovo is the plant's Rectisol unit.
Because the Kosovo Rectisol unit is a selective
(Rectisol II) acid-gas removal process, a C02-rich
stream that normally contains minor amounts of
H2S and other sulfur species is generated along
with an H2S-rich stream that should contain
most of the other acid gases and sulfur species.
The C02-rich stream is vented directly to the atmosphere at Kosovo. The same approach has
been proposed in several conceptual U.S. plants.
Phase I data do not indicate that this would be a
serious problem, except perhaps during upset
conditions. Components other than C02 that
were found in the C02"rich vent gas include
methane and other light hydrocarbons (which
may present hydrocarbon emission problems in
some areas of the United States because of the
relatively large flow rate of this stream). Minor
amounts of H~. HCN, and mercaptans were
also found in this stream.
The H2S-rich gas stream generated in the
Rectisol unit is a significant waste stream. At
Kosovo, this stream is flared. In the United
States, a treatment process (e.g., Claus, Stretford) that produces elemental sulfur is the
preferred approach. However, potential problems with this approach are indicated by the
Phase I data. The C02 content of this stream
may be too great to permit the economical use
of a Claus system. Also, the presence of mercaptans and hydrocarbons in this stream could result in residual sulfur or hydrocarbon emissions.
As shown in Figure 3, several potential air
emission sources are associated with the
Kosovo plant lignite drying system. This section
of the plant is not addressed in this paper
because it will not be studied until Phase II.
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TABLE 1. SIGNIFICANT KOSOVO PLANT PROCESS AND EMISSION STREAMS
Stream
Nulllber

StreStreaa Description

TJPe

Eatlaated
Flow Rate 8

Co...enta on Components of Environmental Concern

Fleisaner Drying - See Figure J

....
00

co

LO

"Wet" coal froa aine

s

24 KT/hr

1.1

Coal bunker vent

G

1

Detailed characterization desired

}

Coal dust plus volatile organics and possibly
inorganica

l.2

Autoclave vent

c

1

l.)

Fleisaner Condensate

L

1

Detailed characterization desired

l.4

Condensate tank vent

G

1

Volatile organics/inorganica

Gasification - See Figure 4
2.0

Dried sized coal

s

2.1

Coal bunker area - ambient aaaple

G

2.2

Coal bunker vent
Coal bucket vent

G

3.1
J.2

Low pressure coal lock vent

G

G

16.0 KT/hr
4000

Na1

/hr}

26 Na' /hrb}
36 Ha1 /hr

Detailed characterization desired
Hostly air with traces of coal dust and possibly raw
gas co11ponenta

Coal dust plus raw gas co11ponents

).)

Start-up vent (to flare)

G

J.4

Liquor tank vent

G

J.S

Ash lock vent

G

J.6

High pressure coal lock vent
(to aain flare)

G

350 Ha1 /hr

Coal dust plus raw gas coaponenta

s
s

2.7 KT/hr
>2.7 MT/hr

Leachable species

12.2

Gasifier ••b (dry)
Gasifier ash (wet)

12.J

Gasification section wastewater

L

J •'/hr

12.1

1

40 H-3 /hr
28 H-3 /hrb

Raw gas components
Steaa plus ash dust

Leachable species
Coal and aab dust plus soluble contaainants leached
fro• ash
Continued - Nezt page

TABLE 1 (continued)
Strea•
l!lmber

Streu
Stre. . Description

Co-t• on Components of Bnviroomeutal Concern

Type

Tar Separation - See Figure S
Volatile organics/inorganlca

G

1

Volatile organics/iuorganica

9

Volatile organics/inorganic&

Tar tank vent

G

13.2

Impure tar tank vent

13.3

Hedi... oil tank veut

G

13.4

Impure mediua oil tank vent

G

1

Volatile organics/inorganic•

13.S

Condensate tank vent

G

?

Volatile organica/inorganica

• 25 Ha /hrc

13.6

Expansion gases (to .. in flare)

G

Phenolic water tank vent

G

26 M•' /hr
13 M119 /hrc

Volatile organica/inorganica

13.7
13.8

L/S

.1 Kr/hr

Volatile organica/inorganica

.....

13.9

Heavy tar and dust
Heavy tar

~

13.10

Light tar

13.11

Medium oil

00

.4 Hm9 /hrc

13.1

13.12

Pheuolic water to pbenoaolvan
Rectisol - See Figure 6
7.1

H2 S rich gas (to aaln flare)

7.2

COz

7.3

L
L

}

.4 MT/hr

L

.25 KT/hr

L

13 •'/hr

G

2.500 M•'/hr

G

2.200 M•1 /hr

llectiaol inlet gas

G

17.200 M• 9 /hr

7.4

llectisol outlet gas

G

12.000 1111 9 /hr

7.S

Cyanic water

L

.8 •'/hr

7.6

Product gasoline to storage

L

.ll KI/hr

1.7
7.8

Rav gas to COz absorber

G

Regenerated methanol

L

vent gaa

14.SOO

a.1 /hr

200 •'/hr

Volatile organica/inorganica
Volatile organica/inorganica
~olatlle

organica/lnorganics

Volatile organica/lnorganica
Detailed characterization desired
Acid gases. sulfur species. hydrocarbons
Acid gases. sulfur species. hydrocarbons
Acid gases. sulfur species. hydrocarbons
Acid gases, aulfur apeciea. hydrocarbons
Acid gases, sulfur species, hydrocarbons
Volatile coaponeots which can escape with storage
tauk vent gases
Acid gases, sulfur species, hydrocarbons
Acid gases, sulfur species, hydrocarbons
Continued - Next page

TABLE 1 (continued)
Streaa Description
Phenosolvan - See Figure 1
Phenosolvan inlet water
14.0

00

QI

Streaa
Type

L

14.1

Cyclone (Cl) vent

G

Co..-enta on Co111>onents of Environmental Concern

13.1 • 1 /hr

14.2

Phenolic water tank (T2) vent

G

14.3

Unclean oil tank (Tl) vent

G

7

14.4

Filtered water tank (TS) vent

G

7

14.5

Degasing

14.6

NH1 stripper cooler (E25) vent

G

4 M•'/hr

14. 7

2nd degasing colum (C9) vent

G

.4 thl 1 /hr

col~

(C7) vent

CollPrehenaive characterization desired

2 M•' /h
7

Volatile or1aaica/inor1anica; particularly acid
aases. sulfur species. hydrocarbons

9 H• 1 /hr

G

14.8

Slop tank (TlO) vent

G

14.9
14.10

Phenol storage tank (T24) vent

G

.08 M. 9 /hr

DIPI tank (T22) vent

G

.S Mm 9 /hr

Ether vapors. other volatile organics

14.11

Treated wastewater

L

13 •'/hr

Co1111>rehensive characterization desired

14.12

Hit, absorber (C26) vent

G

7

14.13

G

1

14.14

NH1 storage tank (T27) vent
NH-OH product to storage

L

.2 KT/hr

14.15

Unclean oil to storage

L

.03 KT/hr

Volatile organics

L

.09 KT/hr

Comprehensive characterization desired

Rav phenols to storage
14.16
By-Product Storage - See Figure 8
15.1 A/B/Cd
Tar tank vent

G/L/S

15.2 A/B/Cd

1

}

Mediu• oil tank vent
Gasoline tank vent

G/L/S

.25 N•'/hrc

G/L/S

.13 Nm' /hrc

15.4 A/B/Cd

Raw phenol tank vent

G/L/S

.08 Nm 9 /hrc

15.5 A/8/Cd

Unclean oil tank vent

G/L/S

.03 N•' /hrc

15.6 A/8/Cd

Nll~OH

tank vent

G/L/S

.2 N• 1 /hrc
1

Cooling tower vent gases

G

20.l

Waste gases to flare
(3.6 + 7.1 + 13.6)

c

NH, + other volatile species (acid gases, organics)

.5 Nm 1 /hrc

15.J A/B/Cd

19.1

Volatile organica/inorganica. acid 1ases 0 NHs

2 0 900 N• 1 /hr

Volatile species present in all by-product streams

Volatile species resulting fro• process leaks into the
circulating cooling water system
Behavior of hazardous species in flare

aFlow data normalized to a one-gasifier-in-service basis.
bProceaa gas flow only; does not consider the atea• which is present.
~ank vent flows assumed equal to the volume displaced by nor.al process strea. flow.

dA - vent gas; B - liquid in tank; C - sludge in bottom of tank.
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Figure 1. Overal plant flow scheme for Kosovo Lurgi gasification plant.
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TABLE 2. KOSOVO PLANT: MAJOR AIR EMISSION SOURCES
Approxilllat• Flow
Per Guifier*
(Nm 3 /hr)
1.

2.

3.

Rectisol Process
H2S Rich Gas (7.1)
co 2 Rich Gas (7.2)

Disposition

Studied in
Phase I

To Be Studied
in Phaae II

[2500}

Flare

x

x

5000

Vent

x

x

Fleisaner Lignite Drying Proc•••
Autoclave Vent (1.2)
Condenaate Tank Vent (1.4)

x

Vent
Vent

Coal Feeding System (Lock. Bopper) Vanes
High Preasure (3.6)

Vent

40

Low Preaaure (3.2)
4.

Generator Startup Gases (3.3)

5.

Gaa Cooling/Tar Separation Section
Flash Gaaes
High Preasure Expansion Gaaes (13.6)

6.

Incinerator (ZO.l)

7,

Phenosolvan Condensate Strippers
(Primarily 14. 5)

8.

By-Product Storage Tank Vents (15.1-15.6)

9.

Air/Oxygen-Rich Vents

- Gasification (2,2)

x

x

[301

Flare

x

x

50

Vent

x

x

40

Vent

x

x

[2900}

Flare

x

x

400

Vent

x

x

l

Vent

x

x

30

Vent

x

x

Unknown

Vent
Vent

x

x

Ash Lock Vent (3.5)
Coal Bwiker Vents - Fleiasner (l.l}

x
x

Vent

Tar/Medium Oil Surge Tank Vents
(13.1-13.4)
Condel!Bate Surge Tank Vents
(3.4; 13.5; 13.7)

*Note:

Flare

400

4000

Data points in brackets are derived from plant desian data.

x

Other data points are measured values.

the specific gaseous species measured in the
Phase I t.est program are listed in Table 3. An
inspection of Table 3 shows that the most toxic
ambient pollutants addressed in the Phase I
test program were benzene and methyl and
ethyl mercaptans. MATE values can be used to
establish priorities for emission stream control
by making the following calculations:

A reasonable basis for establishing priorities
not only for the air emission streams studied in
the Phase I program but also for the individual
components present in those streams is provided by EPA's source analysis model (SAM).
This analysis tool, which was developed under
EPA contract by Acurex Corporation,1 provides
a convenient format for assessing the potential
environmental problems associated with particular emission streams. The SAM analysis approach relies heavily on health-effect related
multiple acute toxicity effluent (MATE) values
that are listed for a variety of organic and inorganic compounds in Reference 2.
The health-effect related MATE values for

POOHi - Potential degree of hazard for
component i
_ Measured concentration of pollutant i
MATE value for pollutant i
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the components present within specific streams,
and PTUDRs are useful in comparing one
stream to another.
Potential degree of hazard calculations for
the high-priority emission streams that were
discussed above are shown in Table 4. The gas
stream analytical data used to support these
calculations .are provided in Table 5.
By examining the data presented in Table 4,
the following conclusions can be drawn:
• With respect to the fixed gases analyzed, CO
appears to be the most significant pollutant.

PTUDR - Potential toxic unit discharge rate
All

components ·
- Fx

I:

PDOH1

i-1

where F - stream flow rate.

Because of the nature of these calculations,
PDOHs are useful in establishing priorities for

TABLE 3. KOSOVO GASES AND THEIR RESPECTIVE MATE VALUES
(AIR-HEALTH)

Component
Fixed Gases

Hidrocarbons

H2

NA

02

NA

cu..
co

3.3 x 10 5
4.0 x 10 ..

C02

9.0 x 10 6

C2's

6.1 x 10 6
9.0 x 10 6

C3's

Toluene

10 6
10 6
10 5
10 3
3.8 x 10 5

H2S

1.5 x 10..

cos

4.4 x 10 5

CH3SH
NH3

1.0 x 10 3
l.O x 10 3
1.8 x 10..

HCN

1.1 x 10..

C1t 's
Cs's
Cs's
Benzene

Sulfur Species and Other

C2H5SH

Phenol
195

(µg/m3)

1.4 x
1.8 x
3.6 x
3.0 x

1.9 x 10..

TABLE 4. CALCULATED POOH AND PTUDR VALUES FOR ..HIGH-PRIORITY" AIR EMISSION
STREAMS SAMPLED AT KOSOVO DURING THE PHASE I TEST PROGRAM

].2
l.6
Lock Bol!l!!r •-t Gase•
Blgh Pressure
1..- Pre..ure

u.1
Tar
Tank
Vent

U.)
Hedi...
OU
Tank Vent

U.6
Tar
SeparatiExpn. Cases

U.7
Phen. BzO
Tank Vent

14.5
Stripper
Vent

7.l
7.1
BaS Vent

7.2
C02 Vent

Rectisol

Inlet Gas

Fixed Gases
Hz
~

••

ca.

200

240

2.2

170

llO

co
co,

2900

4100

llF

HF

2300

91

80

7.0

190

160

.

4.l

6l

n

91

20

280

llF

810

HF

uoo

12

190

200

72

!!zdrocarbone

c,
c,
c.
~

'°

~

Cs

c.

..._

1.6

1.6

TR

1.)

0.9

TR

TR

o. 7

0.1

0.4

TR

0.4

0.7

Tl

0.4

o. 7
0.7

1.9

0.4

n

l.1

5.6

n
n

Tll

1.9

TR

0.9
]. 7

0.9
].2

0.4

TR

1.8

l.6

TR

Tit

1.8

TR

o. 7

1.1

TR

u.o

'ii.o

TR

HF

1.1

llP

2.1

4700

5800
22

12,000

19,000

llF

1200

2l00

1.1

fol-

43

65

••

Sulfur Species

11,s

71

110

190

llOO

cos

1.1

1.9

HF

<2.5

CH1SH

590

910

1400

2200

C2HsSH
Other

250

750

690

llOO

NB1

290

llP

110

llCll

5.l

19

14

PDOll (Stre-)
Stre. .

nwa

•

n- late (. .1/br)
(lla 1 /hr)

700

190

760

2300

0.5

470

llF

llF

3.5

NF

0.5

2100

1500

no

9300

18

1200

810

1200

83

2100

9. 7

280

8)()

510

2900

94

0.2

0.2

7.5

4.2

llO

9.1

1.4

6.6
7100

6700

6200

7100

11,000

20,000

23,000

4300

15,000

250

40

400

2
1.4!4

50

26
5.1E5

400
1. 716

2500
l.717

.5000

5.515

40
9.015

2.7E5

2.516

1.5

1.11!6
..._~~

~--.z.--=..._:..==z-

All

•POOU

~te

(Strea.) •

:E
l•l

(PllOll) 1

TABLE 5. GAS STREAM ANALYTICAL DATA FOR "HIGH-PRIORITY" PHASE I EMISSION STREAMS
u.1
3.6
J.2
Lock Hol!E!r Veat G••••
High PreHure
Low Preaaure

Co81pOUDd

T•r
Tank
Vent

U.J
MlodlOU
Tmk Vent

U.6
Tar
Separatloa
Elq>D. Gaaea

NF

o.,
J.4
7.6

ll.7
Phea. HaO
Tank Vent

14.5
Stripper
Veat

11.0

ra

NF

o.s
0.6
6.1
7.2

13.0
53.0
0.2
llF

72.0

2'.0

7.J
aectiaol
Inlet Ca•

7.1
HaS Vent

7.2
COa Vent

0.8

)6.1

,.0

0.5

0.1

0.6

S8.0

1.4
4.2

1.6
13.0
13.0

Fi•ed Gaaea (Vol. I)
Ha

34.0

32.0

Tll

Oa
Ma

0.7
2.5
,.4

0.2
6.1

NF

86.0

aa.
00

COa

~

-'I

,.3

13.0

21.0
76.0
0.1
NF

42.0

37.0

J.2

u.o

llF

2.6

32.0

86.0

0.3
0.9
llF
94.0

0.3
0.2

0.3
0.3

0.1

0.1

Ta

0.2

n

33.0

!!zdrocarboaa (Vol. I)
Ca

0.7

0.1

ta

0.6

0.4

ta

ta

c.
c.
c.

O.J
0.1

0.2

n

0.2

0.3

0.02

ft

0.2

O.J

n
n

0.05

0.02

ft

0.1

0.2

Ca

O.OJ

0.01

n

0.1

0.1

n
n
n
n

0.4
0.01

0.5
0.2

1.0
0.4

1.6

llF

o.6

llF

u.ooo

12.000

1900

7500

llF

llF

.__

0.2

fol-

n

0.1

Ta

0.04

IF

0.01

MF

0.02
0.06

.

11,s

100

1100

cos

170

JOO

cu,se

.,

270

420

630

1000

950

680

uo

C2ll5Sll

90

270

250

480

290

420

JO

530

.,

1500
8.2

920
4.6

5300
140

Sulfur Sl!!ciea (ppa)

Q~ (g/100

....

HCll

e.'>
5.8
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Data fro• Caapatga Three Teat; lovetlber 1978

1'00

1'8
15.l

<400

0.4

uoo

4.6
0.5
8.5

4700
80
S70

740

3.5

100

170
10

0.4

O.J
7.l

23,000
<560

1.5

• Negligible CO levels exist in several flash
gas streams, apparently because of the low
solubility of CO in both condensed organic
and aqueous liquids.
• With respect to the light hydrocarbons analyzed, benzene appears to be by far the most
significant source of environmental concern.
• With respect to the sulfur species analyzed,
mercaptan levels appear to be at least as
great a source of concern as H2S.
• Between the two nitrogen species analyzed,
NH8 appears to be more of a problem than
HCN.
While the data presented in Table 4 show
some interesting trends, several factors limit
the extent to which these data can be used to
draw firm conclusions about the Phase I test results. Some of these factors are:
• The data presented in Table 5 are singlepoint measurements, not necessarily representative of either normal plant operation or
the range of operating conditions likely to be
encountered.
• Some degree of judgment is involved in selecting specific levels for most MATE values.
• Inherent inaccuracies exist in the sampling/analytical procedures used to gather
Phase I test data.
• Other components (those not measured in
Phase I) may have more of an impact on final
POOH and PTUDR values than any of the
components measured thus far.
Generally, the Kosovo Phase I test data provide a reasonable definition of the scope and
magnitude of the air emission problems that
will have to be addressed in a U.S. Lurgi plant.
These results also justify continued testing at
Kosovo.
Some of the data needs indicated from Phase
I test results are outlined below. Most of these
needs will be addressed in subsequent phases of
work at Kosovo.
• Levels of other hazardous components such
as trace elements and trace organics encountered in key emission streams.
• Rectisol process performance information
(this unit is the source of two key streams):
• Further characterization of the H2S-rich
gas stream is desired to assess its suitability for feed to an elemental sulfur recovery unit. More specifically, levels of problem components such as mercaptans,

COS, hydrocarbons, and C02 (effectively a
diluent) should be monitored as functions
of time.
• Further characterization of the C02-rich
vent gas stream is necessary to confirm
that this stream can be safely vented to
the atmosphere (as proposed in several
U.S. designs). Possible sources of problems with this approach should be identified.
• Generator startup gases: Significance relative to the other key emission streams needs
to be addressed. Although not addressed in
the Phase I program, this effort will be initiated as part of the Phase II program.
• Fates of hazardous gas stream components
in a combustion process: In a U.S. gasification facility, most of the emission streams
identified in this paper would be collected
and either recycled back into the process
gas stream (unlikely because of the compression requirements involved) or incinerated
(for example, in the firebox of onsite stream
generators). If an incineration approach is
used, the fates of hazardous species present
in those streams needs to be assessed. Currently, no plans for making this type of
measurement are incorporated into the
Phase II test program.
• Fugitive emissions: A program to characterize the fugitive emissions from the
Kosovo plant is now being discussed with
the Yugoslavs.
Liquid Effluents. Liquid Byproducts. and
Solid Wastes

Generally, the liquid and solid wastes produced in the Kosovo facility did not receive the
same level of attention that the air emissions
did in the Phase I test program. Considerable
useful data concerning these streams was gathered, however.
The major Kosovo plant liquid effluent, liquid
byproduct, and solid waste streams are summarized in Table 6. This table also indicates which
streams are being studied in the Phase I and
Phase II test programs.
The major aqueous waste stream at Kosovo is
the phenosolvan effluent water stream. According to the plant design, this stream was to be
treated in a biological oxidation process, but
currently this system is not in operation.
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TABLE 6. KOSOVO LURGI GASIFICATION PLANT-MAJOR SOURCES OF LIQUID EFFLUENTS,
LIQUID BYPRODUCTS, AND SOLID WASTES

Approximate
Flow*

Studied in
Phase I

Phenosolvan Effluent

13 MT/hr

x

Fleissner Condensate

Unknown

To Be Studied in
Phase II

Aqueous Wastes

Generator Section Wastewater

x
x

3 MT/hr

x

x

Tars, Oils, Gasoline

.8 MT/hr

x

x

Phenols

.1 MT/hr

NH1tOH

.2 MT/hr

Gasifier Ash

x

x

Heavy Tar & Dust

x

x

Liquid By-Products

Solid Wastes

Other Process Residues

*Design

values; normalized to a one gasifier in service basis.

x

{By-Product Storage Residues)

sented in Table 8. One of the major points to be
noted here is that the sulfur contents of the liquid byproducts become progressively higher
with a move from "heavies" to "lights." These
data indicate that heavy hydrocarbon byproducts similar to those generated at Kosovo could
be used to satisfy onsite fuel needs in the
United States without causing serious 802
emission control problems.
As mentioned previously, the bulk of the
work to characterize the liquid and solid wastes
associated with the Kosovo plant will be performed as part of the Phase II program. Some of
the concerns in this area include:
• Trace and minor components present in all
significant liquid and solid waste streams
will be quantified. Of particular concern are
the leachable species present in the solid
waste streams and the soluble components
found in the aqueous wastes. /
• One of the most practical disposal options
for the liquid hydrocarbon byproducts is to
use these materials to satisfy onsite fuel
needs. The fates of hazardous species present in those streams in a combustion process
could cause concern, although no specific
plans to study this problem have been made.

Preliminary data obtained from a series of
source screening samples indicate that the
Kosovo plant's phenosolvan unit is effective in
recovering the phenols present in the raw process gas liquor. However, as the data in Table 7
indicate, the organic loading in the effluent
water from the phenosolvan unit is still substantial. The indicated phenol concentration is not
sufficient to account for the COD figures that
were obtained for that stream. As a result, it
can be anticipated that the organic characterization work to be done in Phase II will shed considerable light upon the nature of the environmental hazards and control needs associated
with that particular stream.
As shown in Figure 3, the generator section
wastewater stream is a composite stream. It
consists primarily of ash quench water. However, small quantities of coal bunker and ash
lock vent gas scrubber blowdown liquid are also
discharged via this stream. This stream has a
relatively high pH because of the highly alkaline
nature of the Kosovo ash.
Very little characterization data on the
nature of the Kosovo plant liquid byproduct
streams were gathered during the Phase I test
period. What little data were gathered are pre-

JABLE 7. KOSOVO WASTEWATER PROPERTIES (PHASE I DATA)

Phenosolvan
Effluent Water

Generator Section
Wastewater

Susp. Solids

9.2-9.4
150-190

11 .. 4-12.1
180-590

Diss. Solids

880-1300

1100-2100

COD (K2Cr201)

3100-3300

pH

Phenols

CN-

.8-150

170-270

Units

mg/9.
mg/9.
mg/9.
mg Oa/9.

m.g/9.
m.g/1
m.g/'J.,

Cl -

.02

.01 Max.

16-120

so ..

100-110

20-70
320-670

3

.01-.03

mg/t
mg/9.

Trace

.6-1.2

m.g/t

CNS

F-

NOa

--

11-12
200

4-6

mg/!

TABLE 8. KOSOVO LURGI GASIFICATION PLANT
LIQUID BYPRODUCT DATA

Feed Coal

Medium

Heavy Tar
+ Dust

Tar

Oil

Gasoline

81.9

81.2

85.7

8.4

8.9
1.0

0.33

1.3
0.49

9.8
0.2

o. 71

2.2

Ash

6.6

0.22

0.03

02

28.6

7.8

8.2

2.1

26.5

37.3

38.3

41.6

120

130

190

530

(Dry)

c

56.0
7.6

H

0.87

N

s

HV~~)

1.1

21.6

ng S02 *
510
J
S02 Emission Limitations

Solid Fuels 86-516 ng/J (0.2-1.2 lb/10 6 Btu)
Liquid Fuels 344 (0.8 lb/10 6 Btu)

*Assuming

100% conversion of S to S02
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divided into four "operations" (Figure 1). They
include coal preparation, gasification, gas
purification, and gas upgrading. In addition, the
auxiliary processes to be used in commercial
SNG facilities for pollution control were
grouped into air pollution control processes,
water poJJution control processes, and solid
waste management processes.
For analysis, the operations and auxiliary
processes were further subdivided into modules, each module comprised of nearly interchangeable processes or processes applicable to
different operating conditions and input requirements.
For each process within a module, a data
sheet was prepared with key information items,
thereby imparting high visibility to engineering
facts and figures, allowing ready comparison
between alternate processes in a given module,
'and underlining specific areas where significant
gaps existed in the available data. Representative data sheets for the dry-ash Lurgi gasification process and the Rectisol acid-gas removal
process (single-adsorption mode) are contained
in Appendixes A and B, respectively. Data
sheets were prepared for 11 gasification processes, 22 gas purification processes, 4 gas
upgrading processes, 18 air pollution control
processes, 17 water pollution control processes,
and 3 solid waste disposal processes.

Abstract
As part of a comprehensive program for the
environmental assessment of high-Btu gasifica·
tion technology, the available data on high·Btu
gasification and associated operations and processes have been analyzec4 and gaps in the existing data base have been identified. This paper
describes the data analysis methodology and
identifies limitations of the available data.. The
program was sponsored by the Fuel Process
Branch of the U.S. Environmental Protection
Agency's Industrial Environmental Research
Laboratory (EPA !ERL), Research Triangle
Park, N.C.

BACKGROUND
As part of its 3-yr program sponsored by the
U.S. Environmental Protection Agency (EPA)
for environmental assessment of high-Btu coal
gasification, TRW has recently completed a
three-volume document entitled Environmental
Assessment Data Base for High-Btu Gasification (report number EPA-600n-78-186a, b, and
c). The document represents the summary and
analysis of the existing data base and includes
identification of data gaps.
The preparation of the data base document
drew information from several sources, including published and unpublished EPA documents, open literature, process developers and
EPA/DOE contractors, and authorities in industry and academic institutions. Gasification
and related processes judged to have the greatest likelihood of being employed in commercial
SNG facilities are discussed in the data base
document.

TECHNICAL DISCUSSION
The 11 gasification processes that were investigated are presented in Table 1. These processes use five different types of gasifier designs, as shown in the table. Data contained in
the gasification data sheets are summarized in
Table 2. Typical data include: developmental
status, coal feed and pretreatment, coal feeding
method, gasifier design, gasifier temperature
and pressure, quench and dust removal, ash/char
removal, typical product gas composition, tar/oil
production, and gas yield. As can be seen in
Table 2, there is a wide range of gas composi-

DATA BASE METHODOLOGY
To facilitate systematic analysis, the technologies for high-Btu coal gasification were
•Speaker.
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TABLE 1. GASIFICATION PROCESSES EVALUATED

Lurgi (dry ash)

Fixed bed (dry ash)

Lurgi Slagging Gasifier

Fixed bed (slagging)

Hygas (steam-oxygen)

Fluidized bed (i nterna 1 char gasification)

Cogas

Fluidized bed (external char gasification)

co2-Acceptor

II

II

II

Hydrane (Hydrogasification)

II

II

II

Syn thane

II

II

II

Self-Agglomerating Ash

II

II

II

Bigas

Entrained bed (slagging)

Koppers-Totzek

II

II

II

Texaco

II

II

II

tions and yields from the gasifiers investigated.
The Hydrane gasifier, for instance, produces 57
to 79 percent (volume) methane, while the Lurgi
(dry ash) only produces 8 to 11 percent methane.
Table 3 presents a matrix of the advantages
and disadvantages of the 11 gasifiers. These
characteristics are based on operational characteristics, waste streams, and utility requirements.
Gas purification processes are employed to
remove acid gases from the raw product gas to
prevent methanation catalyst poisoning and to
produce a product with a heating value equivalent to that of natural gas. Processes were investigated that remove H~ and C02 simultaneously or selectively. Three types of acid-gas
removal processes were included in the investigation: hot gas H2S removal, solvent processes for acid-gas removal, and methanation
guards. The solvent processes are most common, being extensively employed by petroleum
refineries. Table 4 presents key features of the
solvent processes included in the data base document. Listed in the table are the solvents em-

ployed by each process, operating pressure, selectivity, component distribution, solvent
losses, and utility requirements.
The gas upgrading operation generally in·
eludes a shift conversion step, an acid-gas
removal step, and a methanation and drying
step. The data base for both shift conversion
and methanation steps ia limited by the lack of
commercial-scale facilities or operating experience with these processes.
The air pollution control section reviews the
sources and characteristics of gaseous waste
streams associated with:
• The gasification, gas purification, and gas
upgrading operations;
• Water pollution control and solid waste
management; and
• Other auxiliary processes unique to the
operation of commercial high-Btu gasification facilities.
Processes that have been used for or that may ·
apply to the control of gaseous emissions in gasification facilities are reviewed. Alternative
control strategies for integrated facilities are
205

TABLE 2. KEY FEATURES OF HIGH-Btu GASIFICATION PROCESSES
Gasifier
Temperature
OK(Of)

Gasifier
Pressure
MPa(ps ia)

Fixed bed, counter-current
gas/solids flow, temperature increases downward to
effect pyrolysis and
gas ifi cdt ion

Max. bed temp.
1255-1644
( 1800-Z500)

2.1 - 3. 2
(300-465)

Same as dry ash Lurgi

Max. bed tem~.
1255-1644
( 1800-2500)

0.7 - 3
(95 - 415)

Coal is slurried
wfth light
aromatic oil and
charged to gasifier by high
pressure slurry
pump

Two stage, fluidized bed
hydrogasification.
Fluidized steam-oxygen
gasification stage provides heat and gas for
hydrogasificatioh

Hydrogaslfication
750-1000
(900-1350)

(911-1040)

Can use all
domestic coals.
Pre t rea tmen t
for caking
coals is
accomplished in
first stage
pyrolyzer

Pneumatic feeding with recycle
product g.1s

Coal is pyrolyzed in four
fluidized stages with
progressively higher
temperatures. Char produced from pyrolysis of
coal is sent to gasifier.
Crude gas is produced
from the reaction of char
and steam, obtaining heat
indirectly from the combustion of char with air.
Gasifier gas flow cc"~ter
current to coal and char

Pyrolyzers
500-1000
(450-1500)

0.13 (21>)

Gas I ff er:
lZOO ( 1700)

0.20 (2!1)

Pilot scale:
no demonstration or
COf1111e re i a 1
project
planned

Liml ted to more
reactive coa 1s
(e.9., lignite
and sub-bituminous coal)

Pressurl zed lock.
hopper

In ti1e gasifier, calcined
dolomite supplies heat fo1
stea:i gasification of
coal. Carbonated dolomite fs recalcined in a
regenerator by burning
char with afr. Both
vessels fluidized

Gasifier:
1090 ( 1500)

1.0 (150)

Regene ra tor:
12i30 ( 1860)

1.0 (150)

Pilot scale

Can use all
domestic coals.
Cakin9 coals
are pretreated
with Oz and
steam within
the gasifier
in a free fall
fluidized bed
zone

Pressurized lockhOpper

Steam and oxygen used
to gasify coal in
fluidized bed gasifier

960-1090
( 1Z80-l 500)

4.Z - 6.8
(600-1000)

Pilot scale

Can use all
domes tic coals.
flo pret rea tment is
required

Coal is gas ifieJ 1n an
Coal is slurried
entrained bed with a
with water and
stean/synthesis gas
injected into
pressurized dri~r mixture. Char is
gasified in an
before entering
entrained bed using
gasifier
Oz and steam to gener- •
ate synthesis gas

Upper sta9e:
1200 (170)

8 ( 117~)

Cakin!J coal
permitted 1iithout pretrea tment.

Injection nozzle

Coal
Feeding
Method

Develojllllent
Status

Coa 1 Feed and
Pretreatment

Lurgi (dry ash)

Commercial for
fuel and synthesis gas
production

Limited to noncaking coals.
Fine coal sizes
must ::ie
briqu .. tted

Pressurized lockhopper

Lurgi ( Slaggi ~g
Gas i fler)

Pilot sea 1e1
demonstration
plant under
design

limited to noncak ing co~ls.
Fine coal .sizes
may be utilized
by injection
into center of
gasifier bed

Pr~ssurized

Hygas
(steam-oxygen)

Pilot scale;
demonstration
plant under
C:esfgn

Can use all
domes tic coals.
Caking coals
are pretreated
with ail' and
steam in
fl ui di zed bed
at 31 a-4ooor.

?rocess

Cogas.

Pilot scale;
demonstrati~n

plant under
design

S1nthane

Hydrane

6ench scale

Ga;ifier Design

1ock-

hopper

-- - -

Steam-oxygen
gas i flea ti on:
1100 ( 1600)

L01ier stage:
1755 (2700)

Direct hydrogasification
of coal 1·iith hydrogen in
a fluidized bed. Hydrogen 1;ou l d be produced by
ch3r gasific~tfon with
suo;equer.t purification

=====!:====""'======'======b-==-

6.2 - 7 .1

-6000 (-1500)

7.0 (1015)

--~===='====
(continued)
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TABLE 2 (continued)
----. - --

Process

Quench and
Dust Remova 1

Ash/Char
Removal

I

Typical Product Gas
Composition* (vol %)
CH 4

H2

co

co 2

Gas Yield*
Tar/Oil
Production

tim3/k~

(scf/lb of
Dry Feed Coal

Lurgf (dry ash) Water spray cooler
to condense tars/
otls and remove
bulk particulates

Lockhopper
water quench,
water slurry
transport

8-11

40

15-20

28-31

Yes

0.9-1.7 (16-30)

Lurgl (Slagging Same as dry ash
Gasifier)
Lurgl

Lock hopper,
followed by
water quench
of slag

5-8

28-30

57-61

3-7

Yes

2.0-2.1 (34-36)

Hygu
(steam-oxygen)

Cyclone followed
by water quench
for oil and part!culate removal

Water quench
at gasifier
pressure,
water slurry
transport

13-28

26-37

8-10

28-35

Yes

1.0-1.2 (17-20)

Cogas

Cyclone followed
by venturi scrubber for remova 1
of char fines and
for recovery of
oi1

Slag quenched,
transport not
known

8-15

5-40

4-19

22-29

Yes

Gas: 0.12-.60

co 2-Acceptor

Internal gasifier
cyclone, external
water spray tower
for particulate
removal

Coal ash
leaves regenera tor with
flue gas and
ts collected
by cyclone
and scrubbing
systems

14

56-59

15

9-11

Syn thane

Internal gasifier
cyclone, venturi
scrubber

Lock hopper,
water quench,
steam transport

7-13

23-35

3-12

Bigas

Cyclone, water
spray tower for
particulate
rer:iova 1

Slag quenched
followed by
lock hopper

5-8

32-38

Hydrane

No information

No information,
char utfl izat ion has not
been determined

57-79

21-28

(2-12)
Oil: 0.04--0.2 1/k.?,
(0.005-0.025 ga I

I

lb) coal

No

1. 35 (23)

37-64*

Yes 1

1.2-1.5 (20-25)

15-19

21-23

llo

2 .0-4~0 (32-68f

1-6

1

?

0.6-1.0 (10-17)

*Based upon data for actual operation for the most advanced stage of development
free bas is
*Includes co 2 used to pressurize the lockhopper
!With "free-fall" r~de of coal injection; recent pilot plant runs involv1~s "de~D-bed" ir!ection of coals have
indicated little tar production
"N 2
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TABLE 3. ADVANTAGES AND DISADVANTAGES OF HIGH-Btu
GASIFICATION PROCESSES
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Moderate Moderate Yes

lligh

Yes

Yes

Corrmercial operations not for
high Btu gas production at
present. Basis for several
proposed corrmercial SNG projects

Moderate Yes

High

Yes

Yes

Extensive tests at a modified
dry ash Lurgi plant. Basis
for a DOE-sponsored demonstration plant.

Low

Yes

Yes

Pilot plant has demonstrated
operations with several coals.
High carbon utilization has not
been attained to date. Basis
for DOE-sponsored demonstration
program.

Low

Yes

No

Integrated pyrolysis and gasificationicombustion operations
not demonstrated. Basis for
DOE-sponsored demonstration
program.

Moderate Yes

Low

No

tio

Successful demonstration at
pilot plant stage. High cost
of acceptor is a major obstacle to further demonstration
of process.

High

No

Low

Yes

Yes

High pressure lockhopper
feeding not demonstrated.
Pilot plant has limited steady
state operating time.

Yes

Moderate

Yes

Yes

No

Low

•

Ability to control slag flow at
a pilot plant has not been
demonstrated .

Yes
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No

High

High

Moderate High

Yes

Cogas

No

Yes

Yes

No

Yes

Yes

No

t-loderate High

Moderate Low

Yes

co2-Acceptor

No

Yes

No

Yes

Yes

No

No

High

Very
High

Low

Synthane

No

No

Yes

Yes

Yes

Yes*

No

High

High

High

Bigas

No

No

Yes

No

Yes

No

Yes

low

Moderate

Moderate High

Hydrane

No

No

Yes

Yes

Yes

Yes

Yes Very
High

Very
High

High
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Small scale test only. Char
utilization and hydrogen production not tested.

*With "free-fall" mode of coal injection; rPCent pilot plant runs involving "deep-bed" injection of coal have indicated little tar production.

TABLE 4. KEY FEATURES OF SOLVENT PROCESSES FOR ACID-GAS REMOVAL
Operating Press11re
{acid gas partial
........... 1111-

PllYSICAL SOLV.ENTS
Riectlsol
Selexol

Pllrisol
Fluor solvent
Estasohan

?rt!SS~rl!)

So lvt!nt/llei""" t

llethanol
Ql,.,thyl ether of
polyethylene glycol
II-methyl
Z-pyrrol idone
Propylene
cari>onate
Tr1-n-butyl
phospllate

~lectivity

HzS/COz

COz/HC

cos

CS2

a,b
a,b

a,b

Cotnponent Olstrlbutfon•
Higher
NH3
RSH
HCN
Or<1<1nfcs

water
Vannr

Solvent Losses
(Replac...,nt
Utility t·
·...;,ulrement I R""uln.>.... nt<

•.c,d
a,c,d

c.d
c,d

a.c.d
a.c,d

a,b,c,d

d

Higll

a,b

i1,b,c,d

d

Low

Moderate/I""
Low

a,b

a,d

a,d

a,c ,d

a,b,c,d

d

Low

Low

1•·b

a,b

a,d

a,d

a,c,d

11,b,d

d

Low

Low

Moderate

a,b

a,b

a.d

a ,d

l,C,d

a.b.d

d

Low

Low

Poor
Moderate

Good
Good

e

e
a ,b

a,b,d
a,b,d

a,d
a,d

•e

a,d
a,d

d,g
d,g

High

a,b

Very high
High

Poor
Poor
Poor
Moderate

Good
Good
Good

a,b
a,b

a ,b

a,b,d

L°"
Low
low

•.b

a,b,d

a,d
a .d

e
e

a.d

f .g

a,b
f.g

a.b.d

Good

d.g

• ,d

e
e

a,d
a,d
a,d
a,d

Moderate

Moderate

Excel lont

r ,q

r ,9

f ,q

• ,d

f ,ft ,d

lt>derate

l'bdcrate

[xcellent

f ,g

f ,9

f ,g

• ,d

flbderat~

Poor

Moderate

a.b

a,b

a,d

Moderate

Poor

Moderate

a,b

a,b

Moderate

Good

Excelle11t

f,g

Moderate

Good*

Excellent 9

High
High

GOocl
Good

Poor
Moderate

High

GoOd

Moderate

High

:4oderate

f1oderate

High

Moderate

L°"
Low
Low

(b

OllJllCAL SOLYE!ITS

-.1ne Solvents
-t.~a"Olacilne

Sul fiban
:10EA

(11£A

llethyl-die~nol-

DEA
AD%P
Fluor Cconaai ne
Alkazid
Carbonate Solvt!nts
B<'nfield
Coltacarb

amine
Oiethanolunne
Oil sopropanolam!ne
Oiglycola.,lne (OGA)
ai•thyl or diethyl
glydne
Potassium cart>oriate
and dieth•nol•m1ne
Pot.1:» 1u• carbonate
and ...1ne bOra tes

I

f.4ll_l)l_~9.:J'.Efil

Cyclototra,..thylene
su I fono and di 1sopropanolamine
llethano l and onono- or

Sulfinol
Ami sol

a,b

d.g

High

d.g

M'.Kterate-

, Hi?h

d.g
d,g

Low
Low

rgh
High

9

g

Low

Mod1•rate

f ,a.d

9.

9

Low

Modl'rate

a.d

a,d

a,b,d

d,9

lDW

Mod<>rate

Very high

a,d

a,d

a,d

a,b.d

d,g

High

Moderate

f.g

f,g

a,d

f ,a,d

g

9

low

Moderate

9

g

g

e

9

9

low

Moderate

di~thanolamine

!\.f_~_X__!'ROC!_SS£S.

Gia-rco-

Potassi"'" carbonate

Yetrocoke

and anenate/arsenite

Strt!tford

Moderate

_lE

Alhtfne .,.tavanadate
anthraqulno.,. dilfonic acid

l

-

·-

with acid gas stNNi• aftpr si..,ltaneous COz and HzS removal
with COz strr.m after separate
and H2s rt!ftlOval
with llzS stream after separate CDz Ind H2S removal
with aqu"°"s or organic liquid phase prior to or Integral with proceu
d<>grades so!vent
f) hydrolyzes
g) r.-ins with treated gas
toepends on acid gas partial prt!ssure, selective vS. non-selective design, and residual sulfur allowed; rating h for lllderate to lligh pressurt! application

• a)
b)
c)
d)
e)

coz

with <10 Pl* residual l'zS in tre•Wd gas.
tse1ectivit1 good. but hlgll CDz lower< HzS absorption rate and requires large systl!1115 for efficient H2S removal.

The sources of solid waste in a gasification
plant include: chars and ashes from gasification
and air pollution control, spent catalysts from
shift conversion and methanation, inorganic
solids and sludges from acid-gas removal and air
and water pollution control, tar and oil sludges,
and biosludges from water pollution control. Of
these, only ash, spent catalysts, and inorganic
solids and sludges would be generated in all gasification facilities. The other types of waste may
or may not be generated, depending on specific
processes chosen. Solid waste management options included in the data base were: resource
recovery, incineration, soil application, and land
burial/landfilling. In comparison with aqueous
and gaseous wastes (for which some composition and treatability data are available for certain streams), the composition of solid wastes
and disposal hazards of such wastes are essentially unknown.

discussed. Table 5 shows the air pollution processes reviewed according to applicability to
high-Btu gasification and the purpose of each
type of control process. Key features of each
process are compared in the data base document. Options for the management of sulfurbearing waste gases in integrated facilities are
shown in Table 6. It can be seen that a variety of
acid-gas streams are expecteq to be present in
an integrated facility and that several options
are available for their handling. An integrated
approach to the handling of acid gases, as well
as of other wastes, will be required when environmentally acceptable SNG plants are designed.
Several process and air and water pollution
control modules in an integrated facility would
generate aqueous wastes requiring treatment.
Only those aqueous wastes that are specific to
high-Btu gasification and related facilities were
considered. Table 7 lists aqueous waste streams
associated with the different gasification processes. Each stream - with possible control
methods - is characterized in the data base.

DATA GAPS AND LIMITATIONS

A primary goal of the first phase of the en-

TABLE 5. AIR POLLUTION PROCESSES REVIEWED

=====================================================================
Sulfur Recovery

Claus, Stretford, Giarrmarco-Vetrocoke

Tail Gas Treatment

SCOT, Beavon, IFP-1, IFP-2, Sulfreen,
Cleanair

S02 Control and/or Recovery

Wellman-Lord, Chiyoda Thoroughbred 101,
Shell copper oxide, lime/limestone
slurry scrubbing, double alkali, and
magnesium oxide scrubbing

Incineration

Thennal oxidation, catalytic oxidation,

CO, Hydrocarbon and Odor
Control

Thennal oxidation, catalytic oxidation.
activated carbon adsorption

Particulate Control

Fabric filter~ electrostatic precipitation, venturi scrubbing, cyclones

Compression and Recycling

Compression and recycling

NOx Control

Combustion modification and dry and wet
processes
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TABLE 6. OPTIONS FOR THE MANAGEMENT OF SULFUR-BEARING WASTE GASES
Waste Gas

Control Options*

Concentrated Acid Gases l.
2.
3.

4.
5.

6.
7.
8.

9.

ho.

Depressurization
and Stripping
Gases

l.

2.
3.

4.
5.

Pretreatment
Off-Gases

Claus plant sulfur recovery and
tail gas incineration
Claus plant sulfur recovery and tail
gas treatment

Probably unacceptable because of high concentration of total sulfur
in the tail gas; only applicable to streams containing more than 15% H2S.
2. Probably unacceptable because of high levels of S02 in the tail gas; only
applicable to streams containing more than 15% H2S.
3. Tail gas treatment not highly effective when feed gases contain high levels
of C02; only applicable to streams containing more than 15~ H2S.
l.

Same as 1 plus S02 control and/or
recovery
Stretford or G-V sulfur recovery

4.

Same as 5 plus tail gas treatment
Same as 6 plus incineration
Incineration
Same as 8 plus S02 control and/or
recovery

6.
7.

Incineration, treatment
control and/or recovery
nation with flue gases
utility boilers or char

for
in contiifrom
combustion

Combining with concentrated ~cid
gas streams and use of any of the
treatment options listed above
compression and addition to product
gas stream
Use as fuel
Incineration
Same as 4 plus S02 control and/or
recovery

l.

Combining with product gas

2.

Injection into gasifier

3.

Use as fuel
Incineration
Same as 4 plus S02 control and/or
recovery

4.
5.

Lockhopper Vent
Gases

Conmen ts

Claus plant sulfur recovery

5.

Same as for Option 5.
Same as for Option 5 except for oxidation of CO and HC compounds
8. Unacceptable because of high S02 emissions.
9. ifany S02 recovery processes generate s Judges requiring disposal ;no by-product
sulfur is recovered; regenerable SO? removal processes 111.1st be operated in
conjunction with sulfur recovery units.

10.

l.

' 2.
3.

4.
5.

Permits material recovery; some energy input required for compression.
Stripping gases may have limited fuel value; may have high S02 emissions.
High levels of S02 emissions.
See conments for Options 9 and 10 for Concentrated Acid Gases.

Product gas dilution and energy requirement for compression; permits
material and energy recovery.
Permits material and energy recovery; will require gasifier design modification and energy input for compression.
3. Hay have high so6 emissions.
4. See conment for ption 4, Depressurization and Stripping Gases.
5. See conment for Option 5, Depressurization and Stripping Gases.

4.

Incineration
Same as 1 plus S02 control and/or
recovery

2.

Char Combustion,
Incineration and
Treatlllent Gases

S- as 1 plus

Incineration (for transient gases)
so2 control and/or

recovery

See individual options above; may have considerable dilution effect on the
concentrated acid gas streams.

l.

Catalyst Regeneration/ l.
Dec11111i ss ioni ng
2.
Off-Gases
1.
2.

Same as for Option 9; some economy of scale may be realized if flue gas
desulfurization is required on utility boilers.

2.

Compression and recycling
Incineration
Same as 2 plus S~ control and/or
recovery
Use as fuel

T.

2.
3.

Reasona~le option when feed gases contain more than 15% H2S; total sulfur
removal efficiency may be less than option 5.
Inapplicable to waste gases containing high levels of H2S; may not be
economical for gases containing high C02 levels; discharge may contain
high COS and HC levels.

See conment for Option 2, Pretreatment Off-Gases.
See comnent for Option 4, Depressurization and Stripping Gases
3. See clllllll!nts for Options 9 and 10, Concentrated Acid Gases.
l.

2.

4.

See connent for Option 3, Depressurization and Stripping Gases.

1.

see

comnent for Option 4, Depressurization and Stripping Gases.

l.
2.

See

see

COllllll!flt for Option 4, Depressurization and Stripping Gases.
c~ts for Options 9 and 10, Concentrated Acid Gases.

See clnll!nts for Options 9 and 10, Concentrated Acid Gases.

*Except where gas CC111Pression and recycling ts used, all options cul•tnate tn disc"4rge of the treated gas to the amosphere

TABLE 7. AQUEOUS WASTE STREAMS ASSOCIATED WITH DIFFERENT HIGH-Btu
GASIFICATION PROCESSES
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Yes
Yes

Yes
Yes
No

Yes
No
No

No
No
Yes

Yes
Yes
Yes

No
Yes
Yes

Ho
No
No

*
*
No

No
Yes

Yes
Yes

*

No

Yes

No
Yes

Yes

No
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

:c

Raw Gas Quench Waters

Cycione Slurry
Quench Bl<1t1down

No
Yes

*

Ash Quench Water

Yes

Shift Condensate

Yes

Yes

Yest

Yest

No

Yes

Yes

No

Methanation Condensate

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

*
Yes

·*
*
Yes
Yes

·t

*
Yes

*

Waste Sorbents

~

Reagents

Miscellaneous Wastewaters

*
Yes

.

*
Yes

Yes

Yes

*Not known at this time; process not sufficiently developed or infonnation not publicly available
;Depending on feed coal and operating conditions, shift may or may not be required
°"JM"nds upon specific acid gas treatment aud pollution control processes employed.

ping for NHs/H~ removal, and trickling filters
for biological treatment), the various air, water,
and solid waste control processes that would be
potentially employed at commercial facilities
have not been used in coal gasification applications. Even for the few processes that have
been used for coal gasification, very little data
are available on the characteristics of the
treated streams and on the performance and
costs of these applications.
The first category of data gaps can only be
partially filled (e.g., through engineering
analysis) at the present time because SNG facilities do not exist and the existing pilot plants do
not incorporate all the units or design features
of a large-scale facility. Many gaps in the second
category, however, can be and should be filled
through multimedia environmental sampling
and analysis of the process/discharge streams at
pilot plants and foreign gasification facilities,
through bench-scale studies and engineering
analysis. Even though some of the unit operations and conditions in the gasification pilot
plants are not scalable to or representative of
commercial facilities, in the absence of such
commercial facilities, sampling at the pilot
plants represents the best and only means of acquiring meaningful data on process and waste
stream characteristics and on the performance
of various processes. Such sampling and analysis programs, coupled with related engineering
studies and bench-scale testing, can provide
valuable and timely input to the evolution of the
SNG industry that would ensure:
• Inclusion of environmental considerations in
selection of processes, equipment, and waste
management options for commercial SNG
plants: and
• Drafting of new source performance standards for SNG facilities based on sound technical and engineering data.
Several programs are currently underway or
planned that involve testing/sampling at pilot
plants, bench-scale units, or foreign commercial
facilities.
Major programs that are expected to generate some of the data needed for high-Btu gasification environmental assessment fall into
three categories: EPA-sponsored programs,
DOE-sponsored programs, and miscellaneous
programs. Limited data are available on the
programs in the miscellaneous category that
are primarily carried out under private funding.

vironmental assessment was to identify the
data gaps and limitations for study in the next
phase of the program. The limitations and gaps
faJJ into two categories: data that are nonexistent or unavailable, and data that are available
but either incomplete or obtained under conditions significantly different than those anticipated in an integrated commercial SNG plant in
the United States.
Examples of the gaps in the first category are
the lack of detailed data on: emissions associated with decommissioning spent methanation
catalyst, combined effluent in an SNG plant, and
sludges resulting from the treatment of such effluent or from the treatment of tar and oily condensates. Because no integrated SNG facility
currently exists, this type of information is not
available from actual operation. Even though
environmental characteristics of SNG plant
wastes can be estimated through engineering
studies, to date only a limited number of such
studies have been conducted. In the case of
emissions from catalyst decommissioning, even
though some data might exist, such data are not
publicly available because of proprietary considerations.
Examples of the second category of data gaps
and limitations are the lack of trace element,
organic, toxicological, and ecological characteristics data for various waste streams in a gasification plant, and data on the performance of
various control systems in SNG service. In comparison with the limited data available on most
gasification processes, considerable data are
available on the characteristics of aqueous
wastes from the Hygas and dry-ash Lurgi processes. These data, however, do not cover
organic and trace element constituents, bioassay information, waste treatability, and
hazardous characteristics such as biodegradability, health effects, and potential bioaccumulation and environmental persistence. For the
Stretford process, which has been used in
refinery and byproduct coke applications for
H2S removal from acid gases containing
relatively low levels of C02, limited commercial
experience exists with acid gases containing
high levels of C02 that would be encountered in
an SNG plant. With the exception of a few pollution control processes (e.g., flaring for hydrocarbon and H~ control, venturi scrubbing for
particulate removal, Phenosolvan for recovery
~f phenols from wastewaters, sour water strip-
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related environmental engineering studies.
Preparation of the data base document represents completion of the first phase of the TRW
program. The second phase of the program includes data acquisition through sampling and
analysis of process/waste streams at selected
gasification facilities.

Of the EPA programs, the one most directly
related to the high-Btu gasification is the TRW
environmental assessment effort for which the
data base development effort has been the first
step. DOE synthetic fuel pilot and demonstration programs include sampling and analysis at
various facilities, bench-scale studies for proc·
ess and environmental data acquisition, and
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APPENDIX A
DRY-ASH LURGI GASIFICATION PROCESS
GENERAL INFORMATION
1.

2.
3.

4.

Operating Principles: high-pressure coal gasification in a gravitating bed by injection of steam plus oxygen with countercurrent
gas/solid flow; ash is maintained below the fusion temperature.
Development Status: commercially available since 1940.
Licensor/Developer: Lurgi MineraHitechnik GMbH.
American Lurgi Corporation
377 Rt. 17 South
Hasbrouch Heights, N.J.
Commercial applications: See Table A-1.

PROCESS INFORMATION
1.
A.
(1)

Commercial Scale: see Figure A-1 for flow sheet.
Gasifier: see Figures A-2 and A-3.*
Equipment 1 2
Construction: vertical, cylindrical steel pressure vessel.
Gasifier
2.5
2.1
5.8

dimensions:
to 3.8 m (8.5 to 12.3 ft) in diameter,
to 3.0 m (7 to 10 ft) coal bed depth, and
m (19 ft) approximate overall height of gasifier.

Bed type and gas flow: gravitating bed; continuous countercurrent gas flow; lateral gas outlet near the top of the gasifier.
Heat transfer and cooling mechanism: direct gas/solid heat
transfer; water jacket provides gasifier cooling.
Coal feeding: intermittent; pressurized lock hopper at the
top of the gasifier dumps the coal onto a rotating, watercooled coal distributor.
Gasification media introduction: continuous injection of steam
plus oxygen at the bottom of the coal bed through a slotted ash
extraction grate.
Ash removal: rotating, slotted grate at the bottom of the
coal bed; refractory-lined, pressurized lock hopper collects
the ash and dumps it intermittently.
Special features:
Direct quench gas scrubber and cooler that knocks out the
majority of particulates, tars, oils, phenols, and ammonia;
is attached to the gasifier at the gas outlet.
Gasifier water jacket supplies approximately 10 percent
of the required gasification steam.
Rotating coal distributor provides uniform coal bed
depth.

*Figure A-2 shows the evolution of Lurgi gasifiers with corresponding increases in capacity. Figure A-3 presents the commercial
model that is the basis for further discussion.
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TABLE A-1. LURGI, DRY-ASH, COMMERCIAL INSTALLATIONS1

Plant
No.

Location

Year

Type of Coa 1

1940 Lignite

1

Bohlen,
Centra 1 Gennany

2

Bohlen,
1943 Lignite
Centra 1 Gennany
t-'ost, CSSR
1944 Lignite
Zaluzi-Most,
1949 Lignite
CSSR
1954 Sub-Bitum. with 30%
Sasol burg,
ash and more
South Africa
I
11955 Caking Sub-Situm.
Dorsten,
with high chlorine
West Germany
content
Morwe 11,
1956 Lignite
Australia
Daud Khel,
1957 High Volatile coal
with high sulfur
Pakistan
content
1958 Sub-Bitum. with 30%
Sasol burg,
ash and more
South Africa
1960 Weakly Caking SubWestfield,
Bi tum.
Great Britain
Jealgora, India 1961 Different grades
Westfield,
!1962 Weakly Caking SubBi turn.
Great Britain
1963 Caking Sub-Bitum.
Col eshi 11,
with high chlorine
Great Britain
content
1963 Graphitic anthracite
Naju, Korea
'
with high ash
content
Sasol burg,
1966 Sub-Bitum. with 30%
ash and more
South Africa
Luenen, GFR
1970 Sub-Bi turn.

3

4
5
6

7
8

9

10
11

12
13
14
15
16
17

Sa so 1burg,
South Africa

1973 Sub-Bi tum.with 30%
ash and more
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Gasifier Capacity
(MMSCFO)
I. 0.

No. of
Gasifiers

8 1611

9.0

5

8 1611

10.0

5

8 1611
81611

7.5

3

9.0

3

12 1l11

150. 0

9

91911

55.0

6

91911

22.0

6

91911

5.0

2

12 I 111

19.0

l

8' 911

28.0

3

N/A
8 1911

0.9
9.0

l
l

91911

46.0

5

10 I 5i\

75.0

3

12 I 111

75.0

3

11'4 11

1400 MM

5

12 14

Btu/hr
190.0

11

I

3

LE6EID:
1. COAL

10.PRODUCT GAS

3 •. STEAM

4. FEED LOCK

11.COMllNED LIQUID STREAM
12. SEPARATOR FLASH GAS

5. ASH LOCK

13. OIL
14. LIQUOR

HOPPER GAS

©

HOPPER GAS
15. RECYCLE TAR
FEED LOCK
HOPPER VENT·~ 16. TAR
7. RAW GAS
17. RECYCLE LIQUOR
8. ASH LOCK
HOPPER VENT GAS
6.

©

-

9. ASH

2. Oz

I:,;)

~

STEAM

@
1

TAR/OIL
SERARATION

Figure A-1. Lurgi gasifier (Based on Westfield Lurgi Installation).

year

coal grade

first generation

second generation

third generation

1936-1954

1952- 1965

rn

lignite

all coal grades

non-caking coals

from 1969

all coal grades

capacity

MM BTU coal inRut

IOO

180-250

L00-500

hr
Figure A-2. Stages of Lurgi gasif1er development.

1.50-570

0

FEED COAL

COAL LOCK

SCRUBBING

COOLER
DISTRIBUTOR

...

GAS

GRATE

Jf
STEAM+
OXYGEN
ASH LOCK

Figure A-3. Lurgi pressure gasifier.
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Tar injection nozzle at the top of the gasifier permits
recycle of byproduct tar (separated external to the
gasification module), which also helps to reduce coal
fines carryover in the product gas (optional features).
Rotating, water-cooled coal bed agitator aids gasification of strongly caking coals (optional feature).
(2) Operating Parametersl

2

Gas outlet temperature:
Range: 644 K to 866 K (700° F to 1,100° F).
Normal: 727 K (850° F).
Coal bed temperatures:
1,255 K to 1,644 K (1,800° F to 2,500° F).
Gasifier pressure:
Range: 2.1 to 3.2 MPa (300 to 465 psia).
Normal: 2.1 MPa (300 psia).
Coal residence time in gasifier:
Approximately 1 hr.
(3)

Raw Material Requirements 1

2

Coal feedstock:
Type:
reduced

All types; strongly caking coals require agitatorthroughput and increased steam rate.

Size:

3.2 to 38.1 mm (0.125 to 1.5 in):
Coal is usually fed in two size ranges; coal with up
to 10 percent minus 3.2 mm (0.125 in) can be accepted.

Rate:t

136 to 544 g/sec-m 2 (100 to 400 lb/hr-ft 2 }.

Coal pretreatment: crushing and sizing, drying to less than
35 percent moisture; partial oxidation is required for use of
strongly caking coals in gasifiers without agitators.
Steam:

1.11 to 2.59 kg/kg .coal. 3

Oxygen:

0.26 to 0.62 kg/kg coal.a
Quench water: 3.3 x 10-4 m3/kg coal. 2

(4)

(5)

Utility Requirements 1
Water:
Boiler: 2.42
Cooling: ?

x

_
10 3 m3/kg coal (580 gal/ton coal}.

Electricity:

25 kwh/metric ton (23 kwh/ton).

Process Efficiency
Cold gas:3 63 to 60 percent
[=] (Product gas ener~ output] x 100
[Coal energy nput]
Overall thermal:
[=]

1

76 percent.

J

[Total energy Product + · HC by +
out ut
as
roducts steam~x lOO.
ota energy 1nput coa + e ectr c power ]

tRate varies with gasifier design and coal type.
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(6)

Expected Turndown Ratio 1

[=]

100/25.
(Full capacity output]
[Minimum sustainable output]

(7) Gas Production Rate/Yield: 3
0.37 to 0.68 m3 /sec-m 2 (4875 to 900 scf/hr-ft2)
0.93 to 1. 70 Nm 3 /kg coal (16 to 30 scf/lb-coal).
2.

Coal Feed Pretreatment: coal feed is from pressurized lock hoppers; no pretreatment is required in third-generation gasifiers.

3.

Quench and Dust Removal: crude gas leaves the top of the gasifier
and flows through a scrubber cooler, where it is washed by recirculating quench liquor from the tar-oil separation section. The
gases then pass through a waste heat boiler and a final cooler.
Dust, tars, and condensables are collected from these units.

PROCESS ECONOMICS
Because of advanced development of the Lurgi gasifier, numerous
studies related to costs have been completed. 4 5 6 7 However, most of
these studies address themselves only to integrated facilities rather
than to the gasification module. The one exception, in which equipment
lists are presented and detailed cost estimates made, is the Bureau of
Mines Study. 4 For a 250-.-.SCFD SNG facility costing $737,538,000 in
1974 dollars, 27.1 percent is estimated to be attributable to the gasification section. Lurgi 7 estimates total plant costs of $440,000,000
also in 1974 dollars. No gasification section cost estimates are made.
PROCESS ADVANTAGES
Present gasifiers can accept caking and noncaking coals.
Pressurized operation favors formation of methane in the
gasifier and reduces upgrading costs. The high pressure of
the product gas would also reduce the cost of gas transmission
via pipeline. High pressure may be advantageous for colllbinedcycle synthesis gas utilization.
Gasifier has been operated commercially for many years.
Small reactor size may be advantageous for small-scale industrial applications.
PROCESS LIMITATIONS
Caking coals reduce throughput rate and increase steam consumption, which also increases the amount of liquid waste to be
treated.
Maintaining the coal-bed temperature below the ash fusion
temperature limits the maximum process efficiency.
Process condensate and byproducts require additional processing
for environmental acceptability.
Maintaining a low coal-bed temperature results in low steam
conversion in the gasifier.
Limited reactor size may necessitate use of multiple units in
parallel for large installations.
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INPUT STREAMS3 s
1.

Coal (Stream No. 1):

2.

Oxygen (Stream No. 2)

see Table A-2.

Coal No.
1
Rate: kg/kg
(Includes 6
percent
inerts)
0.26
Pressure: MP a
3.6(370)
(psi a)
3.

2

3

4

0.48

0.49

0.62

5

3.5(360) 3.5(360) 3.5(360)

Steam (Stream No. 3)
2
3
4
Coal No.
1
5
2.59
kg/kg
1.
97
1.11
1.84
Rate:
(370)
(362)
(360)
(360)
Pressure: (psi a)
Temperature: K (°F)

4.

Feed Lock Hopper Gas (Stream No. 4):

5.

Ash Lock Hopper Gas (Stream No. 5):

no data reported.
no data reported.

INTERMEDIATE STREAMS
1.

Gaseous Streams

A.

Feed Lock Hopper Vent Gas (Stream No. 6): no operational data
reported.
Raw Gas (Stream No. 7): no operational data reported.
Ash Lock Hopper Vent Gas (Stream No. 8): no operational data
reported.

B.
C.
2.

Liquid Streams

A.

Combined Liquid Stream (Stream No. 11): ·no data reported.

B.

Recycle Liquid (Stream No. 17): no data reported.
Recycle Tar (Stream No. 15)3
Coa 1 No.
1
2
3
4
Toluene
3.2
8.6
8.0
(wt percent)
32.3
Insoluble
12.2
ash (dust)
10.8
11.1
29.2
Composition
(See Tars--Stream No. 16)

C.

DISCHARGE STREAMS
1.

Gaseous
Product gas (Stream No. 10): see Table A-3.
Separator flash gas (Stream No. 12): see Table A-4.

2.

Liquid Streams
Tars (Stream No. 16): see Tables A-5 and A-9.
Oils (Stream No. 13): see Tables A-6 and A-9.
Liquors (Stream No. 14): see Tables A-7 and A-9.

2.

Solids Streams
Ash (Stream No. 9):

see Tables A-8 and A-9.
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5

TABLE A-2. PROPERTIES OF COAL FEED TO LURGI GASIACATION (STREAM NO. 1)

Coal No.
Type/Origin
Si ze : nm (i n )
HHV (dry):
Kcal/kg (Btu/lb}
Swelling No.
Caking Index
Composition:
Moisture: %
Vo 1ati le matter: %
Ash: %
C: %
H: %
0: %
S: %
N: %
Trace Elements*{ppm)
Be
Hg
Ca

Sb
Se
Mo
Co
Ni
Pb
As
Cr

1

Montana Rosebud*
SubbitLlllinous A

2

3

4

5

Illinois #6*
High Volatile

Illinois #5*
Bituminous

( l /4-1 l /4)

6.4-31.8
(1/4-1 1/4)

6.4-31.8
( 1/4-1 1/4)

6.4-31.8
(1/4-1 1/4)

6553
(11,436}
0
0

7094
( 12' 770}
3
15

7228
(13,010}
2.2-5
15

7826
(14,087)
7.5
30

24.70
29.20
9.73
67. 15
4.22
13.02
1.45
1.20

10. 23
34.70
9. 10
71. 47
4.83
9.02
3. 13
1. 35

11.94
35.21
8. 13
72.80
4.95
7.99
3.56
1. 39

1.6
1.1
< .03
0. 1

2.0
0.2
< .03
.2
9
7
4
32
28
2
15

6.4-31.8

---------

------

--

7
4
14
10
1
20

Pittsburgh
#8

4. 58
37.37
7.74
77. 71
5.28
4. 74
2.64
1.42

------------

South Africant
Subbituminous

4989
{8,980)

---

8.0

--

31.6
52.4
2.6
11. 7
0.43
1.2

--

--

---

--------

.

(continued)

TABLE A-2 (continued)

Coal No.
Type/Origin

l
Montana Rosebud*
Subbituminous A

2
Il l i no i s #6 *
High Volatile

3

4

5

Illinois #5*
Bituminous

Pittsburgh

South African t
Subbituminous

#8

Trace Elements*Ccont}
(pixn}

Cu
B

Zn

v

Mn
F

Cl

----

-----

400

12
132
43

29
20

10
307
200
21
22

79

57

600

800

*From trials of American. coals at Westfield(J}.
tData from SASOL unit in South Africa(B}.
fData from trials of American coals at Westfield(lO)_

--

--

--

------

-----

1000

--

TABLE A-3. PRODUCTION RATE AND COMPOSITION OF LURGI
PRODUCT GAS-STREAM NO. 103 8

--

-

Coal No.

1

Production Rate:
Nm3/kg coal
(C0 2 , N2 , and o
2
free basis)

0. 98 m3/kg

2

3

4

5

l. 36

l. 79

l. 32

l. 36

Gas Analysis:
H2

o2

(includes
N2+Argon)

co
CH 4
C0 2
C2H6

41.1%

39. 1

l. 2

1. 2

(N 2-0.6)
15. l
11. 2
30.4
0.5%

17. 3
9.4
31.2
0.7

H2S
Total Organic
Sulfur
NH 3

666g/100Nm 3 1510

HCN
Naphthalene
St. ClairdeVille
Condensable

0.27g/100Nm 3
2.8
0.24
0.68
460
389

12-40
0.09

23
0 .18

225

38.8
1.5
(N 2-0. 7)

39. 4

not
detectable
8.7
1.1

531

--

1.6
(N 2-0.8)

17 .5
16.9
I
9.0
9.2
31. 5
31.0
0.5
o. 7 .
(C
(C 2H4-0.3)
2H9-o. 1)
1010
1420
30

40.05

20.20
8.84
28.78
0.54·
422

--

15

o. 18

a.so
1.2
277

.

---

---

TABLE A-4. COMPOSITION OF LURGI SEPARATOR FLASH GAS-STREAM NO. 12
(VOLUME PERCENT)3
.

--

-

..

Coal No.

.

-

··-,

.

-

----

3

2

1

-

4

5

Sep.

Tar
Sep.

011
Sep.

Tar
Sep.

Oil
Sep.

--

5.7

5.5

6.2

6.8

4.4

5.5

--

12.0

1.0

1.8

4.6

2.7

2.9

3.5

--

64. 7

59. 3

84.9

85.5

62.9

67.0

71. 3

73.9

--

5.9

4.7

l.5

0.8

4.5

4.2

4.7

3.8

H2

2.9

2.3

3.5

3.6

11. 7

13.3

12.0

9.6

---

o2+Argon

3. 1

2.5

0.4

0.6

1. 3

1.4

0.3

0.2

N2

8.0

6.4

1. 2

1.0

5.9

2.3

1.0

0.8

---

CH 4

5.3

4.2

1.8

1.2

2.9

2.3

3.4

2.7

--

Tar
Sep.

Oil
Sep.

Tar
Sep.

H2S

3.8

8.6

NH

6.3

3

co 2
co

011
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TABLE A-5. PROPERTIES OF LURGI TAR-STREAM NO. 10
..

Coal No.

l

Production Rate:
kg/kg coal
0.02
30.0
Water: wt. %
Toluene
insoluble wt. %
22.0
Density: grams/cc
1. 025
5.3
Phenols: (wet) wt. %
Ca 1ori f i c Va 1ue
8794
Gross: Kcal/kg
(Btu/lb)
(15,830)
Ultimate Analysis
(dry, dust-free
basis)
C wt. %
83.06
H wt. %
7..69
N wt. %
0.65
S wt. %
0.28
Cl wt. %
0.04
Ash wt. %
0.05
O (by difference)
8.23
wt. %

·-

-·

···-

2
0.03
26.7

4

3

0.04
10.4

\

0.03
11. 9

4.5
1. 145
2

7.1
1. 148
4.7

8.5
1. 175
1

8829
(15,893)

8837
(15,906)

8956
( 16, 120)

5

0.02*

---

----

--

85.48
6.44
1. 18
1. 70

85.85
6.40
2.39

88. 51
5.93
0.87
1. 52

N. D.

N. D.

N.D.

0.03

0.01

0. 01

---

5 .17

4. 16

3. 16

--
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1. 19

--0.3

TABLE A-8. PROPERTIES OF LURGI OIL-STREAM NO. 133

Co~l: N~~ _-

___

=:--i=~~::= ~=:~-f--

Production rate kg/kg
0.02
Water: wt. %
22.3
Dust: wt. ~~
0.4
Density: grams/cc
I 0. 937
Phenols: (dry, dustfree) wt. %
19.1
Calorific Value
Kcal/kg (Btu/lb)
(16,960)
Ultimate Analysis:
C: wt. %
81. 34
H: wt. %
9. 17
N: wt. %
0.46
S: wt. %
a.so
Cl: wt. %
0.04
Ash: wt. %
0.03
Oxygen: (by
difference) wt. % 8.46

0.003
4.3
0.8
l. 015
20 .1

3

0.007
5.4
0. l
1. 011
19.2

4

0. 01
15.4
0.02
0.991

5

0.004

10.0

I
! (

16 ,482)

(16,578)

( 17' 134)

84.82

87.33

0.70
2.40

8.488
7.65
0.49
2.27

N.D.

N. D.

N. D.

0.01

0.01

0. 01

4.30

4.70

3. 10

7. 77

7.61
0.45
1.50

0.25

==========~===~===--·=--- ·---=·=-=-==--~-==-=--=======::!:::===
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TABLE A-7. PROPERTIES OF LURGI LIQUORS-STREAM NO. 143

Coal No.
Prod. Rate kg/kg
Tar: ppm
Analysis on
tar free
basis
Tar free basis
pH
S.G. at 6QOF

I

1

2

ro.93
r
350
650

.
I

I Inlet
tar
sep.

Inlet
.
01 l
sep.

9.6
8.3
l.003 1. 025

I

2.11
1130 2150

2150

2200

Inlet Inlet
tar
01 l
sep.
sep.

Inlet
tar
sep.

Inlet

9.B
1.003

8.5
l.032

1.77

01 l

sep.

9.5
B.3
1.002 1.027

T.D.S.:
~

ppm

4

5

2.60
300 1100

1.06
5000
(tar & oil)

3

Inlet
tar
sep.

Inlet
.
01 l

sep.

9.3
8.2
l .000 1.026

4030

1765

2770

1570

3180

1120

1550

1240

45

35

110

35

85

25

105

120

130

115

25

440

15

490

65

520

150

265

180

730

160

930

155

720

1250

1670

490

280

400

260

275

610

T.D.S.

after
ignition
ppm
Sulfide
H2s, ppm
Total S;
ppm

Fatty acids:
ppm

Anmonia:
Free: ppm
Fixed ppm
Carbonate:
ppm

3990 14015
395
525

1700 17650
210
280

4070 19460

1280

6550

1520 13970
330
410

1600 14000
250
320

9210

1360 10740

680

0.03%
l 0 ,600
150-200

(continued)

TABLE A-7 (continued)
-

Coal No.
Tota 1 phenols:
ppm
Cyanide:
ppm
Thiocyanate:
ppm
Cl:
ppm
BOD: ppm
COD: ppm

1

2

3

5

4

4200

4406

2200

1900

2900

3750

1400

2150

2

4

3

11

7

14

l

12

6

6
45
9900
22700

15
40
13400
20800

79
158
290
170
6000 6200
9300 10600

70
240
4100
650

185
210
5400
7500

---

65
160
135
75
3800 4700
10100 12000

3250-4000

---

TABLE A-8. PROPERTIES OF LURGI ASH-STREAM NO. 93 10

Coal No.

l

Production Rate:
kg/kg
0.097
240
Angle of repo~e
Bulk Density
Poured:
kg/Nm 3 ( l b/ft3) 918 ( 57. 4)
Tapped:
kg/Nm3 (lb/ ft3) 1078 (67.4)
Ash Fusion Temp.
Oxidizing:
I. F.: oc
1240
H.P. : oc
1260
F. P. : oc
1290
Reducing:
I. F.: oc
1165
H.P. : oc
1175
F. P. : oc
1210
Partial analysis
Carbon: wt. %
6.5
wt. %
Si02:
46.8
17.7
Al203: wt. %
11.2
Fe203: wt. %
Cao:
wt. %
8.3
MgO:
wt. %
3.9
Sul fur {as
1. 7
S03}:
wt. %
Cl:
wt. %
0.01

2

3
0.087
41°

0.090
330

4

5

0.077
43°

o. 313

--

(47.6)

II 990

(61.9)

{42. l)

--

894 (55.9)

1106

(69 .1)

(48.9)

--

1340
1360
1380

--

762

~

1350
1365
1390

I

1280
1300
1330

I
I

I

'

1090
1150
1225

1030
1060
1070

1145
1170
1180

3.2
49.6
20.5
17. 2
2. 1
1.0

2.0
46. l
18. 1
19.7
3.9
0.7

7.6
43.6
20.7
15.0
3.0
0.7

1. 3

0.6
0.01

0.8
0.01

0.01

------52
28

5

7
l. 7
0.2

-(continued)
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TABLE A-8 (continued)

Coal No.
Trace Elementst (ppm)
Be
Hg
Cd
Sb
Se

Mo
Co
Ni
Pb

As
Cr

Cu
B

Zn

v
Mn
F

l

2

3

4

5*

--

14
.04
<0.3
0.2

20
. 016
<0.3
19

----

--

--

--

--

--

--

6
.40
456
96
0. l
750
239
622
469
301
200
5

8

--

-------

---

--

--

----

---

'

.38
462
200
0.3
592
273
673
1600
181.
305
4.6

-I ----

*Trace element balance for SASOL is presented in Table A- 9.
tFrom Reference 10.
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--

--

--

--

--

----

---

---

--

-----

-----

TABLE A-9. TRACE ELEMENT BALANCE FOR LURGI AT SASOL*
(PERCENT OF ELEMENT IN COAL)B

-

-·

Element
Be

Ash

B

1
36

v

72

Mn
Ni
As
Cd

154
154
36
40
40
72
40
180
3.6
54 t
51 t

Sb

Ce
Hg
Pb .
Br
F

Cl

- -- -

-

--

- --

-

-

-

-

-

--

- -- ·--

Liquor

Tar

Qi 1

1.6
3.5
0.06
0.36
0.64
90
35
36
0. 1
32
3.2
32
42t
46t

0.5
0.8
0.005
0.005
0.05
2.5
0.5
3
0.003
4.9
8.2
0.05
0.08
0.24

0.01
0.002
<O. 001
<0.001
0.01
5.2
1. 1
0.5
0.001
0.5
0.02

-0.003
0.008

*Analysis by spark source mass spectrometer (which can give a semiquantitative analysis) for El Paso by SASOL.
t% distribution calculated on analyses as done by Sasol previously.
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-- --·

---
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Total
3
40
72

154
155
134
77

80
72
77
191
36
96
97

DATA GAPS AND LIMITATIONS
Even though the lurgi gasifier has the most complete data of any
gasifier because of its advanced development, the available data are
not comprehensive in that not all streams (e.g., lock hopper vent gas)
are addressed, and not all potential pollutants and toxicological and
ecological properties are identified. An environmental data acquisition
effort that would lead to generation of the needed data corresponds to
EPA's phased leve·l approach to multimedia environmental sampling and
analysis. 9
RELATED PROGRAMS
Environmental assessments of commercial-scale Lurgi SNG facilities
have been prepared by El Paso Natural Gas for its proposed Burnham
facility and by ANG Coal Gasification Company for its proposed North
Dakota Coal Gasification Project. Documents on process and environmental
considerations for other projects have also been released. Chief among
these is the Wesco SNG fac.ility. The Department of Energy (DOE) recently
conducted tests at the British Coal Board's Lurgi plant at Westfield,
Scotland. The tests involved operating the Lurgi gasifier in the
slagging mode (this is the subject of another gasifier data sheet). EPA
has released a report, Control of Emissions from Lurgi Coal Gasification Plants (EPA 450/2-78-012, March 1978), which is to provide information to States and regional EPA offices involved in setting standards
for or evaluating impacts from proposed Lurgi gasification facilities.
REFERENCES
1.

Handbook of Gasifiers and Gas Treatment Systems.
FE-17772-11. February 1972.

2.

The Lurgi Process: The Route to S.N.G. from Coal. (Presented at
the Fourth Synthetic Pipeline Gas Symposium. Chicago. October
1972.)

3.

Woodall-Duckham, Ltd. Trials of American Coals in a Lurgi Gasifier
at Westfield, Scotland (final report). Crawley, Sussex, England.
Research and Development Report No. 105, FE-105. November 1974.

4.

Preliminary Economic Analysis of Lurgi Plant Producing 250 Million
SCFD Gas from New Mexico Coal. Bureau of Mines. Morgantown, W.Va.
Report No. ERDA-75-57. March 1976.

5.

Gallagher, J. T. Political and Economic Justification for Immediate
Realization of a Synfuels Industry, Third Annual International
Conference on Coal Gasification and liquefaction: What Needs to be
Done Now. Pittsburgh, Pa. August 1976.

6.

Kasper, S. Lurgi Gas ifi cation Process: Prospects for Commercial i zat ion, Symposium on Coal Gasification and Liquefaction. Pittsburgh,
Pa. August 1974.

7.

The Lurgi Pressure Gasification: Applicability. Lurgi Express
Information Brochure Number 01145/6.75. January 1974.

8.

Information Provided to the Fuel Process Branch of EPA's Industrial
Environmental Research Laboratory (Research Triangle Park) by South
African Coal, Oil and Gas Corporation, Ltd. November 1974.
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9.

Dorsey, J. A., and Johnson, L. D. Environmental Assessment Sampling
and Analysis: Phased Approach and Techniques for Level 1. EPA600/2-77-115. June 1977.

10.

Sather, N. F., et al. Potential Trace Element Emissions from the
Gasification of Illinois Coal. Illinois Institute for Environmental
Quality. Number 75-08. February 1975.
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APPENDIX B
RECTISOL PROCESS
(SINGLE-ABSORPTION MODE)

GENERAL INFORMATION
1.

Operating Principles: physical absorption of the sour components
(H 2 S, C0 2 , COS, mercaptans, etc.) of a gas stream using methanol as
the sorbent. Selective regeneration can provide a rich sulfurcontaining gas stream and a relatively pure C0 2 stream.

2.

Development Status:

commercially available.

3.

Licensor/Developer:

Lurgi Mineraloltechnik GmbH
American Lurgi Corporation
377 Rt. 17 South
Hasbrouck Heights, N.J.

4.

Commercial Applications
Purification of low/medium-Btu gas produced from coal gasification. Gasification plants using the process include
Sasolburg, South Africa; Westfield, Scotland; and Pristina,
Yugoslavia.
Carbon dioxide removal and drying of coal-derived ammonia
synthesis gas. One of the facilities using this process is
located in Kutahya, Turkey.
Carbon dioxide removal from low-temperature fractionation feed
gas. The locations of facilities using the process are not
known.
Carbon dioxide and water removal from a feed gas to LNG plants.
Plant location(s) are unknown.

PROCESS INFORMATIONl

2

a

6

l.

Flow diagram (see Figure B-1, B-2, and B-3): the Rectisol process
can be used in a variety of modes to achieve different treatment
objectives. Only three operation modes that have been used or
proposed appear most pertinent to coal conversion and are discussed
here. The pertinent features of these operation modes are summarized i9 Table B-1.

2.

Equipment: conventional absorbers, stripping columns, distillation
columns, heat exchangers, separators, and regenerators.
Construction: vessels may be fabricated from carbon steel,
dimensions dependent on application.
Feed Stream Requirements:* gas should be cooled to reduce solvent
losses; high pressures (close to 2.0 MPa or 300 psia) are usual.
Gas temperatures between 253 K and 213 K (-5° F to -75° F) are
usual, depending on conditions. 6

3.

*These conditions are for optimum performance; other input conditions can be handled with increased solvent losses and reduced efficiency.
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Figure 8-1. Rectisol type A3 (removal of C02 from gas mixtures containing
little or no H2S).
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Figure B-2. Rectisol type

ea (removal of co2 and

H2S with separate recovery).
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Figure B-3. Rectisol type C3 (removal of C0 2 and H2 S with separate recovery).
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TABLE 8-1. PROCESS. DESCRIPTIONS FOR RECTISOL TYPES A. B. AND C
OPERATING MODES

Type

Process Application/
Treatment Objective

Process Description

A

Removal of COz from
gas mixture containing "little or
no sulfur.

A methanol stream rich in C02 and H2S is used in the prewash column to remove water,
naphtha, a111110nia and residual heavy hydrocarbons from the raw gas. The exit
solvent enters the prewash flash column where a flash stream lean in H2S and
rich in C02 is produced (Stream 4). The liquid bottoms from the flash vessel
are routed to a separator where water (Stream 2) is added so that the naphtha
and heavy hydrocarbons can be separated. In the main absorber raw gas contacts
a pure methanol stream from the hot regenerator. A slipstream of saturated
methanol is sent to the prewash column. The remaining methanol is sent to a
flash regenerator where the absorbed gases are removed. Methanol from flash is
sent to the hot regenerator where the final traces of C02 and H2S are removed.
Water is removed from the prewash methanol in the methanol/water still with off
gases going to the hot regenerator. Stripping gases (usually nitrogen) may be
used.

B

Simultaneous removal
of C02 and sulfur
compounds with separate recovery.

Except for the use of a two-stage absorbe:· and two separate flash columns, Type B
Rectisol is very similar to Type A. The raw gas (after leaving the prewash
absorber) is first contacted with a C02-saturated methanol stream. This first
stage absorber removes HzS. In the second stage a pure methanol stream removes
C02. The fflethanol for first stage comes from the second stage absorber. The two
methanol streams are flashed separately to create a stream rich in H2S {No. 5)
and a nearly pure C02 stream {No. 8). Regeneration is the same as in the Type A.

Same as Type B

The primary difference in Type C as compared to Type B is in the regeneration process. The first stage acts like the prewash in Type B with second and third stages
similar to first and second in Type B. A multistage flash unit is used to desorb
gases from first and second stage absorption. First stage methanol is first combined with heavy hydrocarbons and water removed from the raw gas and sent to the
separator. The separator works in the same manner as the separators in Types A
and B. The multistage flash reduces the regeneration requirements. The third
stage methanol is handled in a conventional hot regenerator to provide a pure
methanol for final absorption. A split stream regeneration section is also shown
in Figure B-3. Similar gas cooling sections are used in Types A and B but are not
shown on the figures.

(Fig. B-1)

(Fig. B-2)

C
(Fig. B-3)

4.

Operating Parameters
0.3-7.1 MPa (45 to 1066 psia) approximately
303 K (80° F).

Absorption:
Regeneration:
5.

see discharge streams, Section 8.0.

Process Efficiency and Reliability
C0 2 better than 97 percent. 4
H2 S better than 99.9 percent. 4

6.

Reliability is considered high with a simple solvent and
construction.
Raw Material Requirements
Solvent: CH 3 0H; purity - ?
Solvent losses can be estimated using equilibrium constants;
however, considerable errors could be involved. No information
available on solvent losses based on actual operating data.

7.

Utility Requirements:

8.

Miscellaneous:

?

?

PROCESS ADVANTAGES
Lower energy consumption than conventional amine solvent acidgas removal processes.2
Can be adapted for removal of all impurities in one pass or
for selective removal.2
Production of a product gas with very low water content. 2
Noncorro~ive

nature of the solvent. 3

Unlimited solubility of methanol in water. 3
Chemical stability and low freezing point. 3
Good for high-pressure applications.
I
PROCESS DISADVANTAGES
Complex flow scheme.2
Solvent carryover losses may be high.2
Not suited for operation at pressures below 1.1 MPa (165
psia). 2
PROCESS ECONOMICS - ?
INPUT STREAMS
1.

Gaseous
Stream No. 1: Raw Gas--see Table B-2.
Stream Nos. 12, 13, and 14: Types A and B stripping gas:t 3
When used, the stripping gas is nitrogen from an oxygen plant.

fThis corresponds to the range from Type A and B facilities reported in Table B-2 from Reference 3.
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TABLE 8-2. RECTISOL GASEOUS INPUT STREAMS

Stream Number Reference
Constituents/
Parameters

1(5)
Type A

1(3}
Type A

1(3)
Type B

1(3)
Type B

1(4)
Type C

H2*

40.05

58.4

62.31

61.59

63.74

co

20.20

0.3

3.25

2.60

4 .13

C~4

8.84

0.2

0.17

0.33

0.13

co 2

28.78

21. 9

33.25

34.55

31.62

1. 59

19.2

0.53

0.41

0.12

0.52

0.26

N2 + Ar
H2S

4220 mg/Nm 3

--

0.49

cos

10 ppm

--

10 ppm

cs 2

--

--

RSH

20 ppm

--

--

--

C2+

Q.54

Me OH

--

----

Thiophene

Temp:

OK (OF)

Pressure:
MPa (psia)
Rate: Nm 3/hr
(SCFM}

303 (86)

---

---

63 ppm

--

--

---

----

--

--

--

--

--

--

-303 (86)

2.5 (380)

2.4 (356)

3.2 (480)

7. 1 (1066)

0.3 (45)

381.000
(236,000)

153,100
(94,300)

142, 340
(88,250)

137,000
(84,940)

80,000
(49,600)

*All values, unless otherwise noted, are in volume percent.
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Rate:

231,300 to 693,500 Nm 3 /hr (153,400 to 430,000 SCFM).

Temperature:
Pressure:
2.

?

0.1 to 0.5 MPa (20 to 80 psia).

Liquid
Stream No. 2:

Water to Separator--quantity ?

Stream No. 3:

Methanol Makeup--quantity ?

INTERMEDIATE STREAMS
1.

Gaseous
Stream Nos. 4 and 5:
Stream No. 7:

Types A and B Flash Gases--?

Type C Intermediate Gas--?

DISCHARGE STREAMS
1.

Gaseous
Stream No. 6:

Product Gas--see Table B-3.

Stream Nos. 7, 8, and 9:
B-4.

Types A and B Offgases--see Table

Stream Nos. 8, 9, 10, and 11:
2.

Type C Offgases--see Table B-4.

Liquid
Stream No. 10:

Types A and B Still Bottoms--?

Stream No. 11: Types A and B Hydrocarbons and Stream No. 12-Type C Hydrocarbons--?
Stream No. 13: Type
Rate:
pH:
Phenol:
Cyanide (as CN):
Ammonia (as N):
Sulfides (as S):
Oxygen absorbed:
COD:
Conductivity:
Stream No. 14:

C Still Bottoms:4
16 m3 /hr
9.7
18 mg/L
10.4 mg/L (includes thiocyanate)
42 mg/L
Trace
286
1,606 mg/L
1,111 µmhos/cm

Type C--?

DATA GAPS AND LIMITATIONS
The major limitation in the data is that not all input and discharge streams are characterized, and the characterizations are not
comprehensive in that all potential pollutants and toxicological and
ecological properties are not identified. An example is the total lack
of data on MeOH carryover.
RELATED PROGRAMS - ?
REFERENCES
1.

Sinor, J. E. Evaluation of Background Data Relating to New Source
Performance Standards for Lurgi Gasification. EPA-600/7-77-057.
June 1977.
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TABLE B-3. RECTISOL PRODUCT GAS STREAMS

Stream No.
5(5)
Type A

6(3)

6(3)

6(3)

Type A

Type B

Type B

5(4)
Type C

H2

57.30

74.8

94.08

94.92

93.58

co

28.40

0.38

4.86

3.94

6.06

CH 4

11.38

0.25

0.24

0.47

co 2

0.93

60 ppm

10 Pllll

50 Pllll

o.19
--

N2 + Ar
H2S

l. 77

24.57

0.82

0.67

0.17

0.05 mg/~ 3
total sulfur

--

--

1 ppm

--

--

--

--

---

Thiophene

--

--

C2+

--

-----

-----

--

RSH

----

--

--

---

Me OH

--

--

--

--

288(59)

--

---

--

295(72)

Constituents/
Parameters

cos
cs 2

Temp:

OK (OF)

Pressure:
MPa (psia)
Rate: Nm 3/hr
(SCFM)

--

2.3(345)

2.2(327)

3.0(450)

6.9(1037)

2.9(440)

263,000
(163 ,000)

118 ,500
(73,500)

94,040
(34,300}

88,530
(54,890)

54,500
(33,800)
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TABLE B-4. RECTISOL OFFGAS STREAMS
Strea• Nllllber Reference_
Type A( 3 )
Constituents/
Paruieters

8

Type 9C 3I

9

7

8

"2

0.4

--

0.15

0.79

co

0.014

--

0.04

0.22

CH4

0.017

-- --

0.05

Type 9( 3 )
9

----

co2

73.95

--

76.81

98.91

64.6

N2 + Ar
H2S

25.62*

--

23.0•

0.05

0.1

--

--

2 pptl

2 PPll

35.2

cos

---

RSH

----

--- --- --- --- --

Thiophene

--

--

TelllP: OK (OF)

--

-- --- 0.1 (15)

C2+

HeOH

cs2

Pressure:
MPa (psfa)
Rate: rw3/hr
(SCFM)

0.1(15)
45,090
(27.956)

--

--

--

41.480
(25.845)

--

7

o. 76
0.11
0.06
90.85
8.22•
5 PPll

-------

---

--------

0.24(36)

0.24(36

14.130
(8.760)

1980
(1230)

0.1

-----

8

--

Type 9C 4 )
9

---

--- --- 68.31
-- . 1.92
-- 29.77
-- --

7

8

0.33
0.14

9

-- --- --

21.4

2.6

0.14

--

18.2

4.8

o.o

--

----

0.9

46.7

83.4

97.2

19.34•

1.5

0.8

<5 PPll

--

30.78

3176 ppm

4941 ppm

8 PPlll

--

0.76

--

--

80.19

--

---

--

--

--

--

--

---

--

--

-- --

295(7Z)

0.1( 16)

--

0.2(28)

0.1(15)

50.280
(31.170)

--

2390
(1480)

(19,100)

--- --- --- --

10

7.2

--

---

9

11

11.4

--

--

c< 4>

-- --- 68.46
-- --

0.00

30,800
..

*Includes N2 stripper gas.

Type

0.7

1.1

0.03
8824 ppm

--

0.003

---

0.7

--

-----

--

322( 121)

273(32)

273(32)

261l(23)

---

0.5(73)

1.3(195)

0.46(70)

0.1(15)

673
(417)

4500
(2852)

15,000
(9,300)

98,000
(60,760)

--

8

--

--

0.0002

--

0.028

--

0.0002

--

---

-----

2.

Kohl, A., and Riesenfeld, F.
Houston, Texas. 1974.

Gas Purification.

Gulf Publishing Co.

3.

Scholz, W. H. Rectisol: A Low-Temperature Scrubbing Process for
Gas Purification. Advances in Cyrogenic Engineering, 15. 1969.

4.

Draft: Standards Support and Environmental Impact Statement
Volume 1: Proposed Standards of Performance for Lurgi Coal Gasification Plants. November 1976.

5.

South African Coal, Oil &Gas Corp., Ltd. Information Provided to
the Fuel Process Branch of EPA 1 s Industrial Environmental Research
Laboratory, Research Triangle Park, N.C. November 1974.

6.

Maddox, R. N. Gas and Liquid Sweetening.
Seri es. 1974.

Campbell Petroleum

(DUAL-ABSORPTION MODE)
GENERAL INFORMATION
1.

Operating Principles: physical absorption of acid gases (C0 2 , H2 S,
COS, CS 2 , etc.) using methanol. When operated in the dual-absorption mode, C0 2 -saturated methanol is used in the first absorption
step to remove H2 S and other sulfur compounds. In the second
absorption step, pure methanol is used for the absorption of C0 2 .

2.

Development Status:

commercially available.

3.

Licensor/Developer:

Lurgi Mineralotechnik GmbH
American Lurgi Corporation
377 Rt. 17 South
Hasbrouck Heights, N.J.

4.

Commercial Applications: a Rectisol of this type is installed at
Modderfontein, South Africa, for purification of synthetic gas from
coal for manufacture of ammonia.

PROCESS INFORMATION
1.

Flow Diagram:

see Figure B-4. 1

Process Description: C0 2 and H2 S are absorbed in separate
columns with CO shift occurring between operations. In essence,
two separate Rectisol units, each with its own stripper column
(but with common still and regenerator) are employed. C0 2 saturated methanol is used to absorb H2 S in the first absorber.
Pure methanol from the regenerator is used in the C0 2 absorber.
2.

Equipment: conventional absorbers, stripping columns, distillation
columns, heat exchangers, and knockout drums.
Construction: vessels may be fabricated from carbon steel;
dimensions depend on application.

3.
4.

Feed Stream Requirements: ?
Operating Parametersl 2 3
Absorption: H2 S: 297 K (75° F) 3.0 MPa (440 psia).
C0 2 : 213 K (-75° F) 4.9 MPa (720 psia).
Regeneration:

?
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Figure B-4. Rectisol-dual-absorption flow diagram (as installed at
Modderfontein. South Africa).

5.

Process Efficiency and Reliability: removal of acid gases to a few
micrograms per cubic meter. Reliability is high because of relatively simple operation.

6.

Raw Material Requirements
Solvent:

methanol

7.

Utility Requirements: utility requirements are high because of
large refrigeration requirements. Exact amounts are unknown.

8.

Mi see 11 aneous:

?

PROCESS ADVANTAGES
A single solvent (methanol) is used for absorption of both C0 2
and H2 S.
Noncorrosive environments.
H2 S streams rich enough to be processed in a Claus unit can be
obtained.
Good selectivity between acid and product gases.
Unlimited solubility of solvent in water.
Solvent is chemically stable and has a low freezing point.
PROCESS LIMITATIONS
Solvent retains heavy hydrocarbons.
Solvent losses during regeneration may be high.
High utility requirements.
PROCESS ECONOMICS - ?
INPUT STREAMS
1.

Stream data are based on the Modderfontein plant.
Gaseous

A.

Stream No. 1
Composition, wt %

Ref. 1

C0 2

11.6

co

55.02
31. 2
1. 0
0.5
0.1
0.5

H2
N2

Ar
CH 4

H2 S

cos

0.8

MeOH

0

Volume Nm 3 /(scfm)'

Ref. 2
13.37
54.45
30.00
0.95
0.54
0.10
0.59
(includes COS)
0

91,700
(53,370)

Pressure, MPa (psia)
Temperature, K (°F)
B.

Stream Nos. 2 and
unknown.

3~

nitrogen from air separation plant, rate
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2.

Liquid

A.

Stream No. 4:

methanol makeup, rate unknown.

INTERMEDIATE STREAMS
1.

Gaseous

A.

Stream No. 5
ComEosition 1 wt %
C02

~

12.00
54.60
31.80
1.00
0.50
0.10

co

H2
N2
Ar
CH 4
H2S

Ref. 2
11.27
56.02
31.06
0.98
0.57
0.10

cos

HeOH

Volume, Nm 2/hr (scfm)
Pressure, MPa (psia)
Temperature, K ( 0 f)

B.

93,300
(58,370)
3.0(440)
298(75)

Stream No. 6
ComEosition 1 wt%
C0 2

Ref. 1
41. 30
3.00
54.64
0.70
0.30
0.06

co

H2
N2
Ar

CH"

H2S

Ref. 2
41.29
3.00
54.63·
0.64
0.37
0.07

cos

Me OH
Volume, Nm 3 /hr (scfm)
Pressure, MPa (psia)
Temperature, K ( 0 f)

c.

Stream No. 8:

?

D.

Stream No. 9:

?

140,000
(87,590)
5. 0(735)
308(95)

DISCHARGE STREAMS
1.

Gaseous

A.

Stream No. 7
ComEosition 1 wt %

Ref. 1

R!f:...1

C02

co
Hz
Nz
Ar
CH 4
HzS

4.60
93.50
1. 20
0.60
0.10

cos

MeOH
Volume, Nm3 /hr (scfm)
Pressure, MPa {psia)
Temperature, K (°F)

80,000
(50,110)
4.9(720)
213(-75)
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5.02
93.14
1.12
0.61
0.11

B.

Stream No. 10:

?

C.

Stream No. 12:

mostly C0 2 , trace constituents unknown.

D.

Stream No. 11
Composition, wt %

~

C0

75.00

co.2
Hz
Nz
Ar
CH 4
H2 S

cos

MeOH
Volume, Nm 3 /hr (scfm)
Pressure, MPa (psia)
Temperature, K (°F)
2.

Liquid

A.

Stream No. 13:

22.00
3.00
21,000
(13,140)
0.1(15)
313(105)

?

DATA GAPS AND LIMITATIONS
Limitations in the data for the selective absorption Rectisol
relate primarily to the stream compositions. These limitations include
the following:
Input gas streams: few data on minor component concentrations.
No data on N2 stripper gas rates.
Makeup methanol:

no data on amount of makeup methanol required.

Intermediate and product gas streams:
components.

limited data on minor

Discharge gas streams: limited data on compositions of offgas streams from the strippers and regenerator.
Condensate stream: no data on compositions and rates of
regenerator condensate stream.
Operating parameters: utility requirements, regeneration
parameters, etc., are not reported.
RELATED PROGRAMS
No known programs are presently undertaken to assess the discharges
from this process.
REFERENCES
1.

Staege, H. Annonia Production on the Basis of Coal Gasification.
Chemical Industry Developments. 1973.

2.

Schellberg, W. Coal-Based Ammonia Plants.
Paper 21. 1974.

3.

Goeke, E. K. Status of Coal Gasification Technology. FAI Symposium
on Coal as Feedstock for Fertilizer Production. New Delhi. 1974.
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ENVIRONMENTAL ASSESSMENT REPORT FOR WELLMAN-GALUSHA
GASIFICATION SYSTEMS
William C. Thomas* and Gordon C. Page
Radian Corporation, Austin, Texas

Abstract
Radian Corporation has just entered ths
fourth yea1' of a 6-yr C(Jntract with the U.S. En·
vironnu1ntal Protection Agency (EPA) to perform a comprehsnsive environmental assess·
ment of low- and medium-Btu coal gasification
technology. As part of that program, Radian
has conducted a number of source test and evaluation programs at operating low-Btu gasificar
tion {ru:ilities in the United States. TM results
of those test programs, along with data coi
lected from the open literature, vendors, process
licensors, and othsr industry contacts, have
been incorporated into an Environmental
AsS1ssment &port (EAR) for Wellman-Ga·
lusha low-Btu pification systems. This paper
presents ths preliminary results and findings of
tM Wellman-Oalusha EAR work. Included are.·
• An overoiew of Wellman-Galusha low-Btu
gasification systems,
• Identification of waste streams and pollut·
ants of major concern,
• TM status of environmental protection
alternatives,
• Future data needs and recommendations,
and
• IBBues and areas of concern of EPA program
offias.

INTRODUCTION
In March 1978, Radian Corporation entered
into a contract with the U.S. Environmental
Protection Agency (EPA) to perform a comprehemive environmental assessment of low- and
medium-Btu coal gasification technology. Orig- ..
inally a ~yr effort, the low-Btu program has
recently been extended for an additional 3 yr.
Both the original program and the extension are
being directed by the Fuel Process Branch of
EPA's Industrial Environmental Research Laboratory UERL) in Research Triangle Park,

*Speaker.
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North Carolina.
The initial activity of Radian's low-Btu assessment program involved a comprehensive information search aimed at compiling a data base
for low- and medium-Btu gasification technology. While a significant amount of data was obtained, data gaps and areas of questionable or
incomplete data were still identified.
In order to obtain the missing data, the second major phase of the low-Btu program-data
acquisition -was initiated. This phase involved
conducting source test and evaluation programs
at a number of operating gasification facilities.
To date, data acquisition test efforts have been
conducted at three low-Btu gasification facilities
in the United States and a medium-Btu facility
in Yugoslavia.
The main purpose of this paper is to present a
part of the results of the third phase of the lowBtu assessment program; i.e., the results com·
munication phase. Several documents will be
prepared over the next 8 yr in order to communicate the assessment program's results and
findings. One type of document is the environmental assessment report, .or EAR. The pur·
pose of an EAR is to provide EPA administrators, program offices, and policy and planning
with a document that represents the EPA Office
of Research and Development's research input
to standard-setting activities for gasification
facilities. Each EAR addresses a unique segment of gasification technology. An EAR includes a detailed evaluation of process, waste
stream, and control data collected from field
testing programs; open literature; vendors;
process licensors; and computer modeling activities. As such, an EAR is a data base for the subject technology.
In 1978, Radian initiated preparation of the
first of four environmental assessments reports
that will be prepared over the next 3 yr. This
EAR addresses Wellman-Galusha low-Btu gasification systems. Incorporated into the Wellman-Galusha EAR are the process, waste
stream, and control data collected by Radian at

handling and storage, gasification, and particulate removal (hot cyclone). This system also represents currently operating facilities that use
anthracite and low-sulfur HVA bituminous
coals.
A variation of this first system has an additional process module: raw gas quenching and
cooling. This additional module removes tars
and oils from the raw product gas and reduces
the potential for fouling of equipment used to
transport the low-Btu product gas to its end use.
This system is similar to a facility using Chapman (Wilputte) gasifiers to produce a low-Btu
combustion gas for process heaters.
The second Wellman-Galusha gasification
system is used to produce a clean gas from anthracite coal. This system contains the following
process modules: coal handling and storage, gasification, gas quenching and cooling, and sulfur
removal. In this system, the product gas is
cooled to 316 K (110° F) before entering the
Stretford sulfur-removal process. The Stretford
sulfur-removal process is effective in removing
H2S, but organic sulfur species (i.e., COS, CS 2,
etc.) will essentially remain intact in the product
gas stream.1 H2S removal efficiencies greater
than 99 percent have been achieved with residual outlet H2S concentrations less than 10 ppmv .2
An advantage of the Stretford process is that it
not only removes H2S but also converts the H2S
into elemental sulfur, which can be recovered as
a byproduct.
The third system is used to produce a clean
gas from the following coal feedstock: bituminous (HVA, or low-sulfur, and HVB; or high-sulfur) coal and lignite. In this system, the
quenched and cooled product gas is sent to a
tar/oil removal process followed by a sulfur
removal process. An electrostatic precipitator
(ESP) is used to remove tars and oils that would
cause operating problems with the downstream
sulfur removal process. As in the second system, the Stretford process was chosen for removal of sulfur species from the product gas. In
addition, the Monoethanolamine (MEA) process
was examined. The MEA process is capable of
removing both H2S and organic sulfur compounds. However, the sulfur removal efficiency
is dependent upon the pressure of the product
gas. For example, at 0.44 MPa (50 psig) residual
sulfur concentrations of 16 ppmv can be
achieved. At a higher pressure of approximately 1.5 MPa (200 psig), residual sulfur concentra-

the three U.S. test sites. The preliminary
results and findings of the Wellman-Galusha
EAR are presented in the following text.
OVERVIEW OF WELLMAN-GALUSHA

LOW-Btu GASIFICATION SYSTEMS
Wellman-Galusha gasifiers are one of the
commercially available gasifiers used to produce low-Btu (-5.9 x 106 J/Nm3, 150 Btu/scf)
gas from a variety of coal feedstocks. The
Wellman-Galusha gasification systems examined in this report are described along with
their status, industrial applicability, energy efficiency, costs, and commercial prospects.
System Description

Wellman-Galusha low-Btu gasification systems have three basic operations: coal pretreatment, coal gasification, and gas _purification.
Each operation includes processes with specific
functions, inputs, and outputs. Figure 1 is a
generalized flow diagram showing various combinations of operations and process modules for
Wellman-Galusha gasification systems. Table 1
summarizes the input and output streams and
the function associated with each process.
In this study, four coal feedstocks and three
product gas specifications were considered:
• Coal feedstocks
Anthracite (0.6% S; 11.7% ash)
Low-sulfur HVA bituminous (0.7% S; 2.9%
ash)
High-sulfur HVA bituminous (3.9% S; 8.4%
ash)
Lignite (0.9% S; 8.3% ash)
• Product gas specifications
Can meet current NSPS for direct coal combustion
Can meet proposed NSPS for direct coal
combustion
"Very clean" gas
Combinations of these coals and product gas
specifications were selected as the study bases.
Those combinations resulted in three basic gasification systems being considered. The first
system is typical of what would be required to
produce fuel gas capable of complying with current New Source Performance Standards
(NSPS) for direct combustion of low-sulfur coals
(>0.7% S; HHV 30 MJ/kg or 13,000 Btu/lb). This
system has only three process modules: coal
252
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Figure 1. Wellman-Galusha sys1em process modules and multimedia discharges.
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TABLE 1. OPERATIONS/PROCESS MODULES IN WELLMAN-GALUSHA LOW-Btu
GASIFICATION SYSTEMS

~~~~~~~~~~~~-~~~~~~~~~~~~~-

Operatlon/Pruceaa HoJule

Output :itr""""'

l'unction

Presized coal

Store and transport
coal feedstock

Coal storage piles would contain a lO day coal
supply (2-12 Cg, 2000-13,000 short tons of coal
for a plant producing 18-88 HW, 60-300 -.tllion Btu/
hr of low-Btu gas).

aeaarka

Coal_Pretreat•ent
Coal HandUug
anJ Storage

PreaJ.zed coal

Coal duat

Coal pile runoff water
Cual Gasification

Presii:ed coal
Steaa
Air
Ash sluice water

Raw product gas
Coal hopper gases
l'ugitive gases
Start-up vent gsaea
Ash
Ash sluice water

React coal with a
•1"ture of steaa and
air to produce a raw
low-Btu gas

Coals that have been used include anthracite and
blt-inoua. Coal size specilicationli are 7.9 to
14.l . . for anthracite and 26-Sl . . for bitualnous.
Larger particle sizes can be used for 110re reactive
coals.

ParLiculate le.oval Hot Cyclone

law product gas

Product gss
lE:m<>ved particulates

Remove large particulate aatter f roa the
hot, rav product aas

Total particulate removal efficiencies have been
deterained to be between S0-80%. Small particulate
aatter will not be removed. Collected particulates
have characteristics siailar to devolatilizecl coal
particles.

Gas Quenching
and Cooling

Product gas
Quenching 1 iquor

Quenched/ cooled
product gas
Quench liquor
Tars
Oils
Particulate aatter

Reaove tars and oila
froa the product gas
and cool the product
gas to approxiaately

The aaount of tars and oils removed is dependent
upon the coal feedstock. Anthracite coal will produ~e essentially no tars, however, bituaiaous coal
will produce a significant aaount of tars.

116•K

Emissions froa the tar/liquor separator .ay contain
potentially ha2:8rdous coapounds. Spent quench
liquor will require treat•ent before disposal.

Coo1"d/detarred
product gas
Tars
Olla

leaove tar and oil
aeroaols fr- the
cooled product aas

Fixed-Bed, Ar..oapheric
Pressure, l)ry Ash
Gasifier - Wcll,...oGaluaha

Gas Purif lcat ton

Tar/Oil Re11<>val Electrostatic
PrecJpitator

Cooled product gaa

cuo•p>

ESP's have been used to reaove tars and oils produc...t by two-stage, fixed-bed, at110spheric gasifiers
and good reaoval of tars and oila have been dl!lllOnstrated by ESP's used Jn &aapling systeas.
Vent gases f roa tar/oil storage tanks •ay contain
potentially hanaful coapounds and aay need to be
controlled.

leaove H2S froa the
detarred product gaa

Sulfur llCllOVul Stretford

Detarred product gas
Stretford solution
Air

Clean product gaa
Okldizer vent gas
Sorbent blowdown
Sulfur

Sulfur R""'°val Honoethanolaaine
Process

Detarred product gas
MEA solution

Remove sulfur species
Clean product gas
aod COz froa tbe
HEA blovdowo
detarred product gas
Acid gases
Sulfur froa acid gaa
treataent procea&es
Tail gases froa acid
gas treataent processes

Other sulfur species (i.e., COS, CS2, etc.) will not
be reaoved froa the product gas. l f lhe llCN concentration is high, tben a cyanide guard aay be needed.
Blowdovn sorbent will require treat•ent before disposal. If the sulfur is to be disposed of, tests
need to be performed (i.e., llCllA tests for solid
wastes) to deter•ine treataent and/or disposal techniques required.
Re11nval efficiency increases with increasing inlet
gaa presaure. Acid gases have to be treated to
coattol sulfur eaissiona. KEA blowdovn will require
treataeot befure disposal.

TABLE 2. CURRENT WELLMAN-GALUSHA COAL GASIFICATION FACILITIES IN THE
UNITED STATES
!!_o~ny/Locations

Number of
Gasifiers

Coal Feedstock

Gas.Purification
Process

Remarks

I

Glen-Gery Brick Co.
York, PA
Reading, PA
Shoemakersville, PA
• Watsontown, PA

.

National Lime Bnd
Stone Co.
• Carey, OH

2
2

Anthracide, low
sulfur ("- 0. 7%)

Hot cyclone

Bituminous low
sulfur ("- 0. 7%)

• Hot cyclone

Currently operational
Product gas used to fire brick kilns

1
1

2

• Currently operational
Product gas used to fire lime kiln
l.ime partially removes sulfur from gas

lnc.
.CanHazel town,

2

Do,

PA

Anthracite, low
sulfur

• Hot cyclone

Product gas to supply industrial park
• To be operational in 1.979

~

QI
QI

of Hines
. Fort Snelling,

1

Bureau

Pike County
• Pikeville, KY

Aluminum Refinery
• PA

HN

2

KY Bituminous
Hot ryclone
CO Subbituminous
• S02 scrubbers
WY or HT Sub(on combustion
bitumfnous NO
gas)
Lignite; (all coal~
low sulfur (<1% S)
Bituminous, low
sulfur (0.6-1.2%)

Anthracite, low
sulfur ("- 0. 7%)

Product gas to fire pilot iron pelletizing
kiln
Excess product gas will be combusted
• Operational in 1978

To be operational in 1979
• Hot cyclone
Gas quench/cooling
Product gas to fire boilers and process
Tar/liquor separation" heaters
Stretford sulfur
removal
• Dehydration
• Electrostatic
precipitators
Hot cyclone

• To be operational in 1979
Product

ga~

to fire process furnaces

• Five gasifiers may be added later

--tions of less than 4 ppmv are attainable.3 4 As
mentioned above, the Stretford process also
converts the removed sulfur species into elemental sulfur. Unfortunately, the MEA process
does not have this advantage. Instead, it produces an acid-gas stream that requires further
treatment, for example, in a Claus unit.

gas include fuel to provide direct heat for such
processes as brick and lime kilns; fuel for small
industrial boilers; and, possibly, synthesis gas
for ammonia production. Production of gas for
offsite use will probably not be significant because of the cost of transporting atmospheric
pressure, low-Btu gas.

Status

Energy Efficiency

Wellman-Galusha gasifiers have been commercially available since 1941. Approximately
150 gasifiers have been installed worldwide. In
the United States, eight Wellman-Galusha gasifiers are currently being used to produce a lowBtu gas from anthracite and low-sulfur bituminous coals. Table 2 summarizes the locations,
processes, and coal feedstocks for each plant.

The energy efficiency of Wellman-Galusha
gasification systems will be a significant factor
affecting commercialization potential. However,
this factor becomes less critical when compared
to use of natural gas, which may be either unavailable or too expensive.
The following two kinds of energy efficiencies
are used to describe gasification systems:

Industrial Appllcablllty

Wellman-Galusha gasification systems have
been used to provide a low-Btu fuel gas and a
synthesis gas for ammonia production. A summary of past applications is given in Table 3.
In the near term, Wellman-Galusha gasifiers
will be used primarily to produce a fuel gas for
onsite use. Potential uses of the product low-Btu

and
(Qr) out
(Qr) in

x 100

TABLE 3. PAST USERS OF GAS PRODUCED BY WELLMAN-GALUSHA GASIFIERs8

•
•
•
•
•
•
•
•
•

chemical plants
glass plants
steel mills
magnesium manufacturers
silk mills
bakeries
wire mills
foundries
potteries

• aluminum and stainless steel
manufacturers
• ordinance plants
• tin plate mills
• lime plants
• brick plants
• zinc smelters
• iron ore processors
• fertilizer plants

aSpecific uses varied from heat treating (in glass and steel
mills) to synthesis gas (for synthetic fertilizer manufacture).
Materials gasified included charcoal, coke, anthracite and
bitUII!-ino~s coals.
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where 'YJcg is the coal/gas efficiency (in percent),
TIT is the overall thermal efficiency (in percent),
(Qglout is the output product gas energy, (Qclin is
the input coal energy, (QTlout is the total output
energy (product gas + byproducts + steam),
and (Qrlin is the total input energy (coal +
steam + electricity.
Calculated energy efficiencies for the Wellman-Galusha sysems considered in this report
are shown in Table 4. These calculated efficiencies show that the types of processes used,
byproducts produced, and the nature of the coal
feedstock affect the coal/gas and overall
thermal-energy efficiencies of the system.

gas costs would range from $8.80 to $6.20 per
GJ ($4.00 to $6.50 per 106 Btu) depending upon
the sulfui: content of the clean product gas and
the plant size.
For most of the gasification systems, the major component of the annualized costs is the coal
feedstock cost. For systems using anthracite
coal, the coal costs represent 36 to 56 percent of
the total costs of the product gas. For systems
using low-sulfur bituminous coal, coal costs are
between 36 and 70 percent of the product gas
costs, and for high-sulfur bituminous coal, coal
costs are 28 to 42 percent.
Commercial Prospects

Capital and Operating Costs

In the near term, low-Btu gas from fixed-bed
atmospheric-pressure gasifiers like the Wellman-Galusha will be used primarily as a substitute fuel by industries threatened with natural
gas curtailments. The low-Btu gas will principally be considered for use as a fuel gas in onsite
furnaces, heaters, kilns, and small boilers. Its
substitution for natural gas will most likely occur when the costs .of retrofitting for use of the
low-Btu gas are small and the low-Btu gas requires minimal purification.
In both new and retrofit applications, coal
gasification is mainly competing with the alternative of direct coal combustion. Factors affecting the selection of coal gasification or direct
coal combustion include the suitability of the
coal conversion technology for satisfying the
needs of the specific end use, the cost of the
technology, the cost and difficulty of retrofitting, the cost of environmental controls, and the
cost of the coal.
The increased commercialization of low-Btu
gasification systems like the Wellman-Galusha
depends on the demonstration of the environmental acceptability of the various gasification
systems. Although commercially available controls seem to be adequate, some of the controls
(such as sulfur removal) have not been adequately demonstrated on coal gasification systems.
The cost of these controls are also uncertain.
Gasification systems featuring Wellman-Galusha gasifiers are most suitable for relatively
small applications, with fuel demands ranging
from about 8.8 to 88 MW (80 million to 300 million Btu/hr). Energy demands greater than
about 88 MW may be better served by gasification systems using gasifiers with larger capac-

Capital investment requirements and operating costs were calculated for the following
Wellman-Galusha gasification systems producing 17.6 MW (60 x 106 Btu/hr) and 87.9 MW
(300 x 106 Btu/hr) of product low-Btu gas:
• System 1 produces a hot raw product gas.
• System 2 produces a desulfurized product
gas (down to 10 ppmv H2S but retaining all
organic sulfur) using a Stretford sulfur-removal process.
• System 3 produces a desulfurized product
gas (-200 ppmv total sulfur) using an MEA
sulfur-removal process operating at 0.21
MPa (30 psia).
• System 4 produces a desulfurized product
gas ( -10 ppmv total sulfur) using an MEA
sulfur-removal process operating at 1.6 MPa
(230 psia).
Tables 5 and 6 summarize the capital investment requirements and operating costs for
Wellman-Galusha gasification systems using
various coal feedstocks. The cost data shown
are for systems without environmental controls.
As shown in Tables 5 and 6, the product gas
costs are dependent upon coal feedstock, product gas specifications (tar/sulfur content), and
plant size. Product gas costs for producing a hot
raw gas for onsite use (System 1) range between
$1.90 and $3.60 per GJ ($2.00 and $3.80 per 106
Btu) depending upon the coal feedstock and
plant size. For systems using a Stretford sulfurremoval process, product gas costs range from
$3.30 to $5.60 per GJ ($3.50 to $5.90 per 106 Btu),
again depending upon the coal feedstock and .
plant size. If an MEA sulfur-removal process is
used to remove gaseous sulfur species, product
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TABLE 4. CALCULATED ENERGY EFFICIENCIES OF VARIOUS WELLMAN-GALUSHA
GASIFICATION SYSTEMS

Coal Feed
Type

1.-.:1

~

For Systems Producing a Hot Product Gas
Typical Raw
Coal/Gas
Overall Thgrmal
Efficiencya, %
Efficiency , %
Gas Temperature

For Systems Producing
Quenched/Clean Gas at
317°K (110°F)
Coal/Gas
Overall ThgrmaI
Efficiencya, %
Efficiency , %

Anthracite

700°K (800°F)

91

90

83c

84c

Low-S HVA
Bituminous

840°K (1050°F)

93

92

68c

a2c

High-S HVB
Bituminous

640°K (700°F)

1oc
61d
62e

83c
72d
64/6le,f

Lignite

420°K (300°F)

78C

89C

a

Coal/gas efficiency is calculated as:

output product gas energy divided by input coal energy.

bOverall thermal efficiency is calculated as: total output energy (product gas + by-products + steam)
divided by total input energy (coal+ steam.+ electricity).
c

These systems produce a

d

These systems produce a cooled, cleaned product gas (<200 ppmv total sulfur) by using an amine (MEA)
absorption process to remove sulfur species. In these systems, some of the_product low-energy gas is
assumed to be used to meet the energy requirements of the amine process. Alternately, by-product tar may
be used to meet at least part of these energy requirements.

c~oled,

cleaned product gas and feature the Stretford process for sulfur removal.

e

These systems produce a "very clean" gas (<10 ppmv total sulfur) by using an amine absorption system (MEA)
to remove sulfur species.
fThe first efficiency is for the 16MW (54.7xl0 6 Btu/hr) system which uses an electric motor to drive the
gas compressor. The second efficiency is for the 80.l MW (273.5xl0 6 Btu/hr) system which uses a steam
turbine to drive the gas compressor.

~ot applicable - Given the coal quality data which were assumed for purposes of conducting this

assessment, these coals cannot be used in systems in which the raw product gas is burned directly.

TABLE 5. CAPITAL INVESTMENT REQUIREMENTS AND ANNUALIZED COSTS OF
UNCONTROLLED WELLMAN-GALUSHA GASIFICATION SYSTEMS
PRODUCING NOMINALLY 17.6 MW (60 X 1o& Btu/HR)
OF PRODUCT LOW-Btu GAS (LATE-1977 DOLLARS) 8
~------

~thrmclte

Hot
Capital lnveat.ent Requlre11enta 1 , $1,000

c.,.-

Cold

c..c

of Product Ga
Coal reed•tock T
Hi h Sulfur lltialnoue
Si;!fur lltualaou•
Hot Cu
Stretford
HIA (200 pp.,,)
Cold
Low

Ca•'

Cold Gas
MEA (nea.)

l,250

6,110

1, 730

5,200

S,500

3,890

Design rlant Capacity, ""

19.9

18.3

24.9

18.2

111.2

15. 7

15.9

Annual Operatlna Factor

90%

90%

90%

90%

90%

90%

90%

1,040
131
16

1,040
197
48

4, 700

Annualized Coats, $1,000/yr
Operating and Maintenance Coat•
Coal I
Labor/Overhead (@ $15.00/aan-hr)
Electilclty (@ $0.04/kllh)
SteChe•icals
Maintenance (@ 6% of direct equlp11ent
coats)
Taxes, Insurance, and CSA Co•ts (tt 4%
of depreciable tnieat.ent)
Capital Related Charges

I>:>

·~

TOTAL Annualized Costs, $10 1 /yr
Average Gns Costs, $/CJ
8

919
66
18

919
131
79

702
131
118

702
131
225

702
131
643

(17)

149

8·
276

74

8
233

63
248

5S
175

210

117

229

58

194

207

143

171

SS

602

1,116

326

950

l,OOJ

71S

867

2,055

2,897

J,M

5.58

1,461
2.07

2,514
4.87

2,472
4.78

2,146
4.82

2, 779
6.16

Each sy11te• h:>s 11 bneic capacity of 17.6 tlW (60 x 10' lltu/hr) of tar/oil-free product gns at 4l.3°C (UO"F). The actual tote! energy supplied to the enduser though ls aa indicated. Differences in the indicated useful energy supplied and the basic capacity of 17.6 MW (60 x 105 Btu/hr) are a result of
1) energy credit• taken for the sensible heat and/or tar/oil content of the product ga• for the hot g•• systems, and 2) uae of • portion of the product
gas to supply energy to the stripper reboller in the syate•s that use the HEA process.

hTheae aysteaa use only s cyclone for product RIIS purification and deliver a hot product gas to the end u11er.
cTI1ese syste.. use the Stretford procesa to re1110ve 11 2 5 fro• the cooled product gas. Residual H2 S levels are aoainal 10 ppmv.
!>uch as COS and CS 1 , are nnt re-ved by the Stretford process.

Organic sulfur co•pc>unds,

dThls syst<!• uses the HF.A process opeuttng at 0.21 HP11 (30 psia) to re110ve sulfur species fro• the cooled product gas. Residual sulfur species a90unt to
the equivalent o( 200 ppmv .H,S.
eTI1b ey11te• uses the HF.A process operating At 1.6 Hi's (2'.10 psia) to re111>ve sulfur 11pecie" from the cooled product gas. Negligible sulfur species are left
ln the product gns.
f In eat ht., ting capital lnvest111Cnt requlre .... nts, a spAre gasifier/cyclone unit la included for all ayste•s and cooling liquor pumps are spared 100%.
•AssU111ed coal properties and delivered costs are:

Anthracite: 29. 7 HJ/kg (12,800 Btu/lb) and $50/metric ton ($45/ahort ton) .
Low sulfur bitU1alnoua: 13.2 KJ/kg (14,300 Btu/lb) and $40/.,.tric ton ($36/short ton)
High sulfur bitu11tnous: 29.0 H.1/kg (12,500 lltu/lb) and $28/.etric ton ($25/short ton)

hStea• costs were assumed to be $0.011/kg ($5/10 1 lb), Steam credits were t11ken as $1/GJ ($1.05/10 1 Btu).
1eaafa f<1r c•pital rel;oted chArg<'~: Utility finnncfng aethod
100% equity finsncing
15% 11£ter tax return on equity
L.~t<"-1977 dollars without tnfl1'1tfon
46% federal inconie tnx rate
25-y<!;or econonilc project lifeti""'
10% pretax return on working capital
4% per ye11r stra lahtllne depr.,c!nt.lon
or depreciable Investment

TABLE 6. CAPITAL INVESTMENT REQUIREMENTS AND ANNUALIZED COSTS OF
UNCONTROLLED WELLMAN-GALUSHA GASIFICATION SYSTEMS
PRODUCING-NOMINALLY 87.9 MW (300 X 1o& Btu/HR}
OF PRODUCT LOW-Btu GAS (LATE 19n DOLLARS)a

---~-~--~--~.-~~~--~·----·--------------"'-=--.----------..---..-..-.--------------------~
Coal 'feedetodt/Type of Produc:t Gae
Low sglfur llituainoua
High Sulfur Rituainoua (Cold Gas)
~thraclte
Hot Gas
Cold Gase
Hot Gas
Cold Gase
Stretfordc
HF.A (200 pp•v)C1
HF.A (neg, )e

Capital lnvestlll'nt Requirellll!ntsf, $1,000

13,300

19,700

4,770

13,100

14,200

11,600

Design Plant Capacity, MW

99.6

91.4

99.7

91.l

90.8

78.5

79. 7

Annual Op.,rntlng Factor

90%

90%

90%

90%

90%

90%

90%

5,198
524
81

5,198

l,676
263
72

4,595
394
396

3,510
394
590

3,510
394
1,125

40
563

315

189

617

274
499

3,510
394
334
3,390
274
582

149

465

512

406

474

14,000

Annualized Coats, $1,000/yr
Operating and Haintenance Coats
Coalg
Labor/Overhead (@ $15.00/..,.n-hr)
Elect~iclty (@ $0.04/kllh)

596

238
(86)
40
871

468

713

Sten•

Che•icals
Hafntenance (@ 6% of direct equip...,nt
costs)
Taxes, Insurance, and GSA Coats (@ 4%
of depreciable inyestment)
Capital Related Charges

TOTAL Annualized Costs, $10 3 /yr
Average Gas Costa, $/GJ

657

Z,476

3,640

916

2,436

2,614

Z,165

2,625

9,343

11,211

5,265

8,889

8,552

8,373

11,583

3.30

4.34

1.86

).44

).32

J.76

5.12

aEat'h syatem, except the one producing a hot product gas fro• low sulfur bitu•inous coal, has a baste copoclty of 87.9 HW (JOO x 10 1 Btu/hr) of tar/oUfree product gas at 43. 3"C (110.F). 111e actual totol .. nergy supplie<I to the end-user though is as indicated. Differences in the lndicAted useful energy
supplied and the basic c11p11city of 87.9 HW (JOO x lo' Btu/hr) are a reRult of 1) energy credits taken for the sensible heat and/or tar/oil content of the
product gas for the hot gas syAte•s, and 2) use of a portion of the product gas to supply energy to the stripper reboiler in the systems that use the HEA
process. For the hot gas, low sulfur bituminous syste•, the tAr/oil-free product g11s rate is 70.3 HW (240 x 10 5 Btu/hr). llut, the sensible hell.t and
t11r/oll content of the hot product gas raise the total syRte• capacity to 100 HW (341 x 105 Btu/hr). This capacity vas used in the cost analysts becnuee
It Is c00tpar11ble to the cap11city of the other sy,.te- e•a•lned.
·
"nie!le syste•s use only a cyclone for product 11as purification And deliver a hot product gas to the end user.
cn1ese systems use the Stretford process to remove llzS fro"' the cooled product gos. Residual 11 2 S level11 are nominal 10 PP'""· Organlc sulfur compounds,
such as COS and CSz, are not re.oved by the Stretford process.
d
•
Thie ayste• uses tche HF.A process operating ate 0.21 Hf',• (JO pl!in) to re-ve sulfur species fro• the cooled product gas. Residual 1tulfur speciea a100unt to
the t'quivalent of 200 ppl8Y llz S.
"nits syste• uses the HEA process operating at 1.6 Hl'a (230 psla) to re...,ve sulfur species fro• the cooled product g11s.
In the product gas.

Negllglble aulfur species are left

fin eetlll'tting capltal fnvest...,nt require..,nts, a spare gasifier/cyclone unit is included for all systems and cooling liquor pumps are spared 100%.
IA,.su111Cd coal properties and delivered costs are:

Anthracite: 29.7 tU/kg (12,800 Btu/lb) and $50/..etrlc ton ($45/short ton)
Low sulfur blt1•lnowi: JJ.2 RJ/l<g (14,300 lltu/lb) and $40/11etrlc ton ($36/short ton)
lliRh sulfur bltu•inous: 29.0 Ill/kg (12,500 Btu/lb) 11nd $28/..,tric ton ($25/9hort ton)

11ste:o• costs .,..r., ""n"med to be $0.0ll/l<g ($5/10 3 lb).
tBRAls for capital related charges:

Sten• credits were t111<en a11 $1/C'.J ($1.05/IO' lltu).

Utility financing method
Latc-1977 dollars without tnflntfon
25-year econoaic project lifetime
4% rer year atrnightllne depreciation
nr drprccf nh1r fnveRt.Cnt

100% equity financing
15% after tax return on eflulty
46% federal income tnx rste
10% pretax return on working capitnl

ities (for example, pressurized gasifiers).
Systems featuring two to four gasifiers and
gas purification facilities will require 18 to 24
mo from initial feasibility studies to full-scale
operation. 11 McDowell-Wellman can deliver
Wellman-Galusha gasifiers 6 to 8 mo from the
date of order.8
Wellman-Galusha gasification systems will be
most widely applied in the industrial areas of
the Northeast and Midwest. States in those
regions have large reserves of bituminous coal.

Solid waste streams from Wellman-Galusha
systems will consist of ash, collected particulates, sulfur, and blowdown from the MEA sulfur-removal process. Ash and sulfur may contain leachable constituents that may be potentially harmful. Collected particulates resemble
devolatilized coal and therefore may be classified as a solid combustible material. MEA blowdown sludge contains potentially harmful constituents and needs to be treated before disposal.
The byproduct tar and quench liquor represent process streams that contain partially
harmful organic and inorganic compounds.
Worker exposure and accidental releases of
these streams should be carefully controlled.
It should be emphasized that the chemical
characteristics and potential biological effects
of the various streams present in a gasification
facility are highly dependent upon the coal feedstock and processes used. For example, tars will
not be produced when anthracite coal is gasified:
however, process condensate may contain light
oils.

WASTE STREAMS AND POLLUTANTS
OF MAJOR CONCERN
Wellman-Galusha low-Btu gasification systems are sources of gaseous, liquid, and solid
waste streams. Also associated with these systems are process and byproduct streams that
may contain toxic substances. The multimedia
waste streams and pollutants of major concern
are summarized in Tables 7 through 9. Process
and byproduct streams that may contain potentially toxic compounds are summarized in
Table 10.
Gaseous emissions from Wellman-Galusha
systems contain a significant amount of
pollutants that may have harmful health and
ecological effects. Gaseous pollutants (CO, H2S,
HCN, NH8, and light hydrocarbons) from the
coal feeder and gasifier pokeholes need to be
controlled. Startup vent gases will contain compounds found in the raw product gas (CO, sulfur
species, light hydrocarbons, tars, and oils),
which will require control before venting to the
atmosphere. Vent gases from the byproduct tar
recovery process will contain significant
amounts of potentially harmful pollutants and
will, therefore, need to be controlled. Emissions
from sulfur removal processes are not yet characterized since there are currently no sulfur
recovery processes being used with fixed-bed,
atmospheric pressure, low-Btu gasification
systems.
·
The amount of liquid effluents from WellmanGalusha systems will be limited to blowdown
streams, ash sluice water, and coal pile runoff.
Of these effluents, the blowdown streams will
contain significant quantities of potentially
harmful constituents. Ash sluice water and coal
pile runoff will contain compounds leached from
the ash and coal, which may effect health and
the environment.

STATUS OF ENVIRONMENTAL
PROTECTION ALTERNATIVES
The assessment of the status of environmental protection alternatives involves identifying
and evaluating control alternatives to determine the most effective control alternatives and
the costs and energy impacts of those alternatives. The secondary waste streams from the
most effective control alternatives are also compared to existing and proposed regulations and
to the multimedia environmental goals (MEGs).7

Most Effective Control Alternatives
The criteria used to identify the most effective control alternatives are applicability to
treating waste streams from low-Btu gasification systems, control effectiveness, development status, and secondary waste streams.
Costs and energy considerations are not considered in the selection of the most effective
controls. Table 11 shows the most effective control alternatives to treat the multimedia waste
streams and potential toxic substances associated with Wellman-Galusha gasification systems.
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TABLE 7. GASEOUS WASTE STREAMS AND POLLUTANTS OF MAJOR CONCERN FROM
WELLMAN-GALUSHA LOW-Btu GASIFICATION SYSTEMS
9J>!ration
Process

Caaeoua Waste Streaa

Pollutants of ltajor Concern

Coal Preparation
Coal dust

Particulate aatter at.Har in coaposition to the
coal feedstock.

Bituainoua coal gave slightly positive results
for the Aaes teat. Anthracite coal results were
negative.

Coal feeder vent
gaaea

Caseoua speciea in the product gaa (CO, HzS, NH,,
Hctl, light hydrocarbons).

High levels of CO were found in the coal ho1>per

Start-up vent gases

Raw product gas constituents. Particulate aatter
(coal dust, tar, oil aerosols) and gaseoua
species (CO, H2 , H2S, COS, HH 9 , HCN, light hydrocarbons, etc.). Organics of concern include fused
aroaatic hydrocarbons, heterocyclic nitrogen,
sulfur and oxygen coapounds, carbo:sylic acids,
aalnes, sulfonic acids, sulfoxides, phenols,
thiols, benzene, and substituted benzene hydrocarbona. Inorganics of concern include CO,
ethylene, Cr, Hg, U, V, Al, P, As, Cu, Cd, H2 S,
C01, HCN, Li, Tl, Si, Pb, Sb, SOz, CS2 0 Cl, Ti,
Zr, Fe, Co, Ni, Ag and Zn.

The 8110unt of tars and oils will depend upon the
coal feedstock. Bituainoua coals will have a
significant aaount of tars where anthracite will
not. Tars froa the gasification of bituiainoua
coals gave positive results on the Aaea teat.

Fugitive eaiasions
(pokehole gases)

Gaseous species in the product gas (CO, H2S, NH1,
HCR, light hydrocarbons).

laisaiona of tara and oils will occur when pokehole valves a-re open; however, the aajor eaisaiona
froa the pokeholea will be froa gaseous species
in the product gas leaking f roa the poltehole
valves.

Cas Quenching and
Cooling (Tar/
Liquor Separation)

Separator vent gases

Organics of concern include fuaed aroaatic hydrocarbons, aaines, heterocyclic nitrogen and sulfur
c091pOUDda, ethylene, phenols, aethane, and
carboll}'lic acids. lnorganics of concern include
CO, NH1, N02, C02, Cr, Ag, V, Cu, P, Li, As, Fe,
Ni, and U.

These pollutants of concern are associated with
bituminous coals.

Sulfur Re111>valStretford

Evaporator and
oxidizer vent gases

Volatile COllpOWlds in the Stretford liquor (H20,
COz, Nz, Ot, and possibly Nl11).

Thia streaa has - t been sampled because no
St-retford processes are currently used to reaove
sulfur apecies froa low-Btu gas.

Sul fur Re111>val-

Acid gas streaa

COz, R2S, COS, CS 2 , aercaptans, and light
hydrocarbons.

nits streaa is sent to a sulfur recovery 1mit
consisting of a Claus process followed by a Claus
tail gas clean-up process to re111>ve the sulfur
species in the scid gas streaa. This streaa has
not been saapled since IUA processes have not
been used to reaove sulfur species fr.,. low-Btu
gas.

Coal Storage and
Handling
Coal Caaification
Wellaan-Galuaha
Gasifier

area.

Cae Purification

H!A

TABLE 8. LIQUID WASTE STREAMS AND POLLUTANTS OF MAJOR CONCERN FROM
WELLMAN-GALUSHA LOW-Btu GASIFICATION SYSTEMS
Operation
Process

Liquid Waate Streaa

Pollutanta of Major Concern

·

le.arks

Coal Preparation
Coal Handling and
Storage

Coal pile rw.off

Contain leachable organics and inorganica.

The coapoaitlon of this atreaa will depend upon
the coal feedstock and site-specific conditions
(i.e. pH of leachate).

Aah alulce water

lnorganica of . .jar concern include P, Ti, V, Cu,
Fe, la, Cd, Cr, CJ.-, Li and Hi. Organic concentratioaa of 65 mg/t have been found; however, it
la not certain whether these were present lo the
plant's service water used to sluice the aah
froa the gasifier.

The a-uot of sluice water is low and highly
variable. Negative .Aaes teats vere obtained
with low to nondetectable results indicated for
the cytotoxicity and rodent acute toxicity teats.

Gas Quenching and
Cooling

Proceaa condensate

May contain organic and inorganic pollutants
found in the quench liquor (see Table 10).

The •-uot of process condensate produced will
depend upon the ilyat- operation and type of
processes used.

Sulfur RemovalStretford

Solveat blowdCNR

Thioaulfate and thiocyanate salts.

The aaouot of these salts produced will depend
upon the sulfur and cyanide content of the cooled
product gas entering the Stratford process.

Coal Gasification
Well1111n-Galuaha
Caaifier

Gas Purification

TABLE 9. SOLID WASTE STREAMS AND MAJOR POLLUTANTS OF CONCERN FROM
WELLMAN-GALUSHA LOW-Btu GASIFICATION SYSTEMS
Operation
Proceaa

Solid Vaate

Pollutanta of Kajor Concern

Str~

leurlta

Coal Caalf icatioa
Well. .u-Gal.uaha

Caalfier uh

Iaor1ulca of ..Jor concern inclucle la, P, l'e,
Ca, Al, Li, la, Se, Pb, Cs, Cu, Tl, Cd, Sb, V,
Co, U, Hg, Sr, Si, Hg, Zr, r, lib, All, ND, Cr, Hi,
Th, Al, Ii, Ag, Y. Total extractable orsaaica in
the aah le lov ranglag fr- 40-116 111/g. Organic•
of potential coacem lnclu4e phtbalate eatera,
pbeaola, nitropheaola, an4 fU8ecl aromatic bydrocarboaa.

leaulta fr- the A.ea, cytotoxicity, and rodent
acute toxicity teata for aah producecl f roa gaaifylna anthracite and bituaino... coala were negative, low or DC111cletectable. Effecta on soil
aicrocoa.. were alao low.

Aah leachate
(anthracite coal)

Iaoraanica of coacem iaclucle P, Zn, Ccl and Ag.

Reaulta froa the Amaa, cytoxicity and rodent acute
tollicity teata of leachate froa ash produced f roa
guifying anthracite coal were negative, low or
noadetectable.

Inorgaaica of •jor coacem include Hi, Pb, P,
re, Cu, la, Sb, Ti, Cr, Ca, Al, Y, Li, Hg,
Zr, Co, Aa, Si, Se, le, Cd, A1, Tb, Za, I', Ga,
Hf, Hg, Sr, Tl, Y. Low conceatratloaa (40 to
800 µg/g) of extractable organica have been
deteralaecl, Orgaaica of concern include pbtbalate
eatera, pheaola, nitropheoola, aaiaea, creaola.

Negative reaulta froa the A.ea teat have been
obtained with low to aoudetectable reaulta froa
cytotoxicity and rodent acute toxicity teats.
High effects Oil eoil aicroco- were found. Collectecl partlculatea reaeable devolatilized coal
with carbon conteata rangillg froa 70 to 80%.

Inorganica of •jor concern lDclude tm, Pb, Li,

Negative A.ea teat reaulta were obtained and
nondetectable cytotoxtclty teat reaulta.

Gasifier

Caa Purif icatloa
Collected particulate
•tter

Ha,

Collectecl particulate
•tter leachate
(anthracite coal)

Za, Al, Cd, Co, Cu •d

Sulfur .._valStretforcl

Sulfur

Kay contain organic• and 1norganica including
thiocyanat.e and ~hiosulfate aalta.

Ho

Sulfur lamoval-

MU alu4ge

Degradation pro4ucta including oxazol14oa-2,
1-(2-hydroKJethyl) lalclaaolia4oae-2, dieth8DOl
urea, dithiocarb-tea, thlocarbaaldea ad other
blah molecular weight aonregenerable cOllpOUll4a.

11o data are currently available on the character-

Particulate le8ovalHot Cyclone

HU

re.

data are currently available on the chealcal
and biological aapecta of the recovered sulfur.
iatics (cheaical or biological) of HEA aludge.

TABLE 10. POTENTIAL TOXIC STREAMS AND COMPOUNDS OF MAJOR CONCERN FOR
WELLMAN-GALUSHA LOW-Btu GASIFICATION SYSTEMS
Operation
Proceaa

Potential
Toxic Stream

Co8pounda of Jlajor Concern

Rearka

Gae Pur1f1catJOQ
Gas Quenching and
Cooling

By-product tar
and oils

Organics of -Jor concern include fused
arOlllltic hydrocarbons, benaene, substituted
beazeae hydrocart.c.a, beterocyclic aitro1en,
sulfur and oaygea cOllpOUllds, carboaylic acida,
aliphatic hydrocarbona, phenola and aaines.
laorgantca of concern include Cu, Pb, Sb, Cr,
Cd, Ba, Hg, Y, Jla, and As.

Tar will be produced f r - btt. .tnoua and lignite
coals. Positive Ames t - t results have been
obtained. Safa liaadling ad controlling tar
lealta procedures are required.

Qu-ch liquor

Organtca of •Jor concern include phenols,
fused aromatic hydrocarboaa, heterocycltc
oltroa- and sulfur compouada, carboaylic
acids, thtoi., &lJcols, and epo:ddea. Ioorgalll.ca
of concern include Rib, cyanides, P, Se, Aa, P,
Cl, Ca, Pe and Cd.

•-ulta f~ aquatic teats indicated a high
potential effect on aquatic species. Health
effects teats vere low; bcNeYer, because of the
chem.cal cbaracteristica of tbe quench ltq-r,
safe baodling ...t c:oatrol of leab are required.

TABLE 11. SUMMARY OF MOST EFFECTIVE EMISSION, EFFLUENT, SOLID WASTES,
AND TOXIC SUBSTANCES CONTROL ALTERNATIVES

Most Effective Control Technology

Waste Strelllll

Air Emissions
• Fugitive dust from coal storage

• Covered bins
• Asphalt and polymer coatings

• Fugitive dust from coal handli:cg

• Enclosed equipment, collect gas
and recycle to gasifier inlet
air or tr~at with baghouse
• Collect gas and recycle to
gasifier inlet air or combine
with product gas

• Coal feeding system vent gas

• No control necessary in a

• Ash removal system vent gas

properly designed system
• Incinerator

• Start-up emissions
• Fugitive emissions and pokehole
gases from gasifier

• Adherence to good operating
and good maintenance procedures

• Fugitive emissions from hot cyclone

Same as for gasifier

• Separator gas

• Combine with product gas
• Recycle to gasifier

• MF.A acid gas

• Stratford
• Claus with tail gas cleanup
• None required with existing
applications. However, viability of this approach needs
to be confirmed in a gasif ication process application.

• Stretford oxidizer vent gas

• Same as for oxidizer vent gas

• Stretf ord evaporator vent gas
Liguid Effluents
• Water runoff

• Use covered bins for coal
storage
• Contain, collect and reuse for
process needs

• Ash sluice water

• Collect and recycle to ash
sluice system

• Process condensate

• Containment and treatment at
hazardous waste facility
(Cont:inued)
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TABLE 11 (continued)

(Continuad)
Wa•t• Stream

Moat Effective Control Technology

• Stratford blowdown ·

• Contaimunt and treatment at
hazardous waste facility
• Reductive incineration at
high temperature

Solid Waatas
• Secured landfill
• Combustion in incinerator
or coal-fired. boiler
• Puri.fy for sale or disposal
• Containmant .and treatment at
hazardous waste facility

• Ash

• Cyclone duat
• aecavered 9Ulfur
• MIA blowdown
Toxic Substances
• Tars and oils

• Combustion in boiler or
furnace

•Baaed ouly on effectiveuaas iXL eliminating or reducing em:issions.
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NAAQS. Carbon monoxide concentrations do
not exceed the NAAQS: however, they are
relatively high. H~ concentrations we~e also
modeled and compared to the Texas ambient air
standards. As shown, H2S concentrations for
the high-sulfur coal case exceed the Texas
standard.
The major source of nonmethane hydrocar.
bon emissions is the separator vent. Recycling
the separator vent gas to the product gas would
give an 85 to 98 percent reduction in the ground.
level concentrations of nonmethane hydrocar.
hons. This would also significantly reduce the
ground-level concentrations of CO, H2S• NH3 ,
HCN, and COS, since the separator vent is the
major source of these pollutant emissions.
In summary, the gaseous emissions from a
well-controlled Wellman-Galusha gasification
facility should not significantly impact air quality. This implies that the separator vent gases
are recycled to the product gas.

Cost and Energy Considerations
Costs of the "best available" candidate control methods (identified in Table 11) are summarized in Table 12. Most of the control alternatives have negligible costs when compared to
the costs of the product low-Btu gas. The most
costly control alternatives are those for treatment of the MEA acid-gas stream and process
cond~nsate. The most costly control methods
are also the largest energy consumers. Tars and
oils represent a large energy credit ( - 25 percent of the product gas energy content), depending upon the coal feedstock.
One method to reduce the costs and energy
consumption of process condensate treatment is
to reduce the size of the condensate stream.
This can be accomplished by drying the coal
before gasification (the dryer offgas may contain large amounts of coal volatiles). Alternatively, the size of the stream can be reduced by
minimizing the amount of steam fe-d to the gasifier.

Impacts on Water

Impacts on Air Quality

The quantity of liquid waste streams from a
Wellman-Galusha gasification facility will be
small; however, the concentration of -various
constituents in those waste streams may exceed
effluent standards. The liquid effluents associated with a Wellman-Galusha system are
water runoff from coal storage, ash sluice water,
process condensate, and blowdown from the
Stretford process. Water runoff may contain
constituents exceeding effluent standards. The
concentration of those constituents will be
variable and highly site- and coal-specific.
Table 14 shows the constituents in the ash
sluice water, process condensate, the Stretford
blowdown that have been found or estimated to
exceed the most stringent effluent standards
and minimum acute toxicity effluent (MATE)
values given in the MEGs. The amount and type
of organic compounds found in the process condensate will vary depending upon the coal
feedstock. High levels of organics will be present when bituminous and lignite coals are used.
Low levels of organics will be present when anthracite coals are gasified. -

The potential air quality impacts of gaseous
waste streams from Wellman-Galusha low-Btu
gasification facilities were estimated and compared to the following air standards and
guidelines:
• New Source Performance Standards (NSPS)
for stationary sources,
• National Emissions Standards for Hazardous Air Pollutants (NESHAP),
• National Ambient Air Quality Standards
(NAAQS), and
• State and Federal emission standards.
The air quality impact of specified pollutants
(CO, H2S, COS, NH8, HCN, NOx, SOx• and nonCH4 hydrocarbons) in gaseous waste streams
from Wellman-Galusha systems using a low- and
high-sulfur bituminous coal was estimated by an
atmospheric dispersion model. The waste
streams considered were coal feeder gases, tar/quench liquor separator vent gases, and Claus
tail gas incinerator gases (high-sulfur case only).
Table 13 compares maximum ground-level
concentrations of CO, nonmethane hydrocar·
bons, NOx• and SOx with the NAAQS. With the
exception of nonmethane hydrocarbons, the
predicted pollutant concentrations for both the
low- and high-sulfur coals are below the

Impacts on Land
Under the Resource Conservation and
Recovery Act (RCRA), EPA has issued
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TABLE 12. SUMMARY OF MAJOR COSTS AND ENERGY CONSUMPTION OF
ALTERNATIVE CONTROL METHODS
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TABLE 13. COMPARISON OF PREDICTED POLLUTANT CONCENTRATIONS TO THE
NAAQS AND STATE OF TEXAS H2S AMBIENT AIR STANDARDS
Low-Sulfur Coal 8
Predicted Concentrations (µg/•,)
J-h
1-h
24-h

Pollutant

co

2,JOO

Non-CH• Hydrocarbons

9,800

lJ, 700

Ulgh-Sulfur Coalb
Predicted Concentrations (µg/•~)
24-b
1-h
l-h
2,300

9,800

650

2,800

J,900

650

2,800

20

70

90

20

70

110

380

~

--1

NO,.

0

so,.

NA

NA

NA

U,700

3.900
90.··
560

Pri . . ry
Standards

NAAQS (µg/•,)
Secondary
Standards

10,000 (8-h)C

10,000 (8-h)c

160 (3-h)c,d

160 (3-h)c,d

100 (aaa)

100 (aaa)

1,300 (3-h)c

365 (24-h)c

State of Texas Regulations
H2S
NA - Not applicable,

10

so,.

50

70

90

390

540

122 tJg/a1

eaissions are from the high-sulfur case using an incinerator to coabust the Claus unit's tail gases.

aaa - Annual arithetic aean.
8

for the low-sulfur coal case, a Stretford sulfur reaoval process is used.

bTor the high-sulfur coal, an HEA sulfur re110val process ia used followed by a Claus process and a Claus tail gas incinerator.
cConcentration not to be exceeded *1re than once a yµr.
d6:00 a... co 9:00 a •••

TABLE 14. LIQUID EFFLUENTS FROM WELLMAN-GALUSHA LOW-Btu GASIFICATION
SYSTEMS EXCEEDING THE MOST STRINGENT EFFLUENT
STANDARDS AND MATE VALUES

Constituents Exceeding
Most Stringent
Effluent Standards

Liquid Effluent

Constituents Exceeding Health
and Ecological MATE Values in the
Multimedia Environmental Goals

Ash Sluice Water

Fe, Cr, CN- and suspended
solids

P, Fe, Ti, Ba, La, Li, Cd, Cu,

Process Condensate 8
(Bituminous Coal)

NH3, As, Cl-, CN-, B, F-,
Fe, Phenols, P, Se, SO,.=,
BOD, COD, and suspended
solids

Phenols, Fused Aromatic Hydrocarbons,
Heterocyclic Nitrogen and Sulfur Compounds,
Carboxylic Acids, Thiols, Glycols, Epoxides,
NH1t, CN-, P, Se, As, F-, Cl-, Ca, Fe and Cd

Stretford Blowdown

Fe

Vanadate, Fe, EDTA and possibly Thiocyanates
and Thiosulfates

C~,

Ni and V

MATE: Minimum Acute Toxicity Effluent
a Process condensate produced from gasifying anthracite coal should not contain the high amounts of
organic constituents found in process condensate from gasifying bituminous or lignite coals.

The data needs for the multimedia waste
streams and the process and process streams
associated with Wellman-Galusha gasification
systems are summarized in Tables 16 and 17,
respectively. In general, data associated with
the gasification of high-sulfur bituminous coal
are currently not available. Since existing and
planned commercial Wellman-Galusha gasification plants are low-sulfur bituminous and anthracite coals, data on high-sulfur coals may
have to be obtained from bench-scale units. Data
are not available on the performance of sulfur
recovery processes and waste streams from
those processes. These data may be obtained if
a Stretford sulfur-removal process is included in
the Pike County gasification facility.
Data needs associated with performing
health and environmental assessments include
data required by existing and proposed regulations, and data required to assess health and environmental (air, water, and land) impacts of
nonregulated pollutants or streams. The data
needs for existing and proposed environmental
regulations mainly involve pollutant-specific
determinations (i.e., consent decree pollutants,
solid waste leaching tests defined in 40 CFR
251), bioassay tests (i.e., proposed in the RCRA
140 CFR 2501), and accurate pollution control
costs. Also, long-term monitoring of specified
pollutants is required to assess the effectiveness of a control technique.
Data requirements for assessing the health
and environmental impacts of nonregulated
pollutants and streams will involve pollutantspecific determinations, long-term monitoring,
and biological testing (including both acute and
chronic tests for health and ecological effects).
The specific methodologies to be used in
performing these impact assessments are still
under development. Therefore, the specific data
needs are not totally defined.

guidelines for the land disposal of solid wastes
(40 CFR 241). These standards set minimum
levels of performance for any solid-waste land
disposal site. The guidelines apply to the land
disposal of all solid material. Additional standards have been proposed for hazardous solid
wastes (40 CFR 250).
The solid waste streams from a WellmanGalusha gasification facility that will be
regulated under the RCRA are: gasifier ash,
cyclone dust, sulfur cake, and MEA blowdown.
Table 15 shows the characteristics of these solid
waste streams and how the proposed RCRA
regulations may apply. All of the solid waste
streams may be classified as hazardous wastes
under the proposed RCRA regulations.

Product/Byproduct Impacts
The product gas and byproduct tar produced
by Well man-Galusha facilities may be regulated
by the Toxic Substances Control Act (TSCA) of
1976. However, polychlorinated biphenols
(PCBs) and chlorofluorocarbons are the only
specific substances for which regulations have
been issued.
The product low-Btu gas may contain toxic
substances even after extensive purification.
The byproduct tar does contain substances and
positive Ames test results for mutagenicity
have been obtained.

Radiation and Noise Impacts
Wellman-Galusha low-Btu gasification facilities may have radiation and noise impacts.
Some radioactive species in the coal may be concentrated in the entrained particulate matter in
the raw product low-Btu gas and in the ash. Process blowers and turboblowers, coal conveyors,
coal bucket elevators, and pumps are sources of
potential noise impacts in Wellman-Galusha facilities.

ISSUES AND AREAS OF CONCERN
BY PROGRAM OFFICES

DATA NEEDS AND RECOMMENDATIONS

The EPA program offices 1 issues and areas of
concern for Wellman-Galusha low-Btu gasifica-tion technology are briefly discussed here. The
basic issues and areas of concern include:

Data needs and recommendations for obtaining those data are divided into the foll9wing
categories:
• Gaseous, liquid, and solid waste stream
characterizations and control;
• Process and process streams; and
• Health and environmental impact assessments.

• WeUman-Galusha gasification technol.ogy
At what stage should existing standards apply to a developing technology?
When will the technology be commercial·
ized?
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TABLE 15. SOLID WASTES FROM WELLMAN-GALUSHA LOW-Btu GASIFICATION
SYSTEMS THAT WILL BE REGULATED BY THE RCRA
(20 CFR 241)

Solid Waste Stream

Characteristics of the Waste Stream
that may be Classified as Hazardous

Gasifier Ash

High levels of trace elements are present and may be leached
from the ash.

Cyclone Dust

High levels of trace elements are present. The dust contains
high levels of carbon (70-90%) and may be classified as
ignitable.

Sulfur Cake

The sulfur will contain various components such as vanadium
salts, thiocyanates, and thiosulfates.

MEA Blowdown

This stream will contain oxazolidin-2, 1-(2-hydroxyethyl)
imidazolindone-2; diethyl urea; dithiocarbamates; thiocarbamides;
and other high molecular weight compounds resulting from the
formation of nonregenerable complexes.

TABLE 16. SUMMARY OF WASTE STREAM CHARACTERIZATION AND CONTROL
DATA NEEDS AND PLANNED ACTIVITIES TO OBTAIN
THOSE DATA
\lasce St~•• Med.la

......

~~
Coel fHcler Yeet IU

Cooltrol Tec.,..lotr
Perfo...nH lleeded

M•itl-1 Cll&racterl..U•

Ilana Str..•

-=--- ,,....

t for ... ,_
Ucecloe of lliall-HUur coal

!ffocciva11•H ud actual
coe& ot roc1cUa1 tll1•
atna• co che ... I.tier lobe
alr

S~11rt ...... ""' IH

Claee&cal characcerietice
••rie1 ti. nan.,. period

fer ftr1- et•n•Uriale (i.e. con, vood,

•11,

Pouhol• , ....

etc.)

~· p r - t for 1••i-

f1i•1 btt..m- (hlafl- •114
1-•lt•r) co•h

Tor/quench u.., ..,
••f"'•rator Yellt

aa•••

Stratford oddher

wnc

aa-

Cllnoical u4 biolo11ca1
cllereccerfaUca for ... Uyl•I
hisll-tlulfur b U • i - .
•thruit• ... Uptta coal•

lff•ti'veooH ... _ , . ,
re'l•ir-u ueto1 • flaa:o
co coecrol t'-• 1ue•. C:.r•
rontlr thoro H• . . . . . . . toch" ' " - for •Wl•tina tlla
eoacrol • f h c U - • of
flare•
lffnth•ooH of l•J•ctln1 . ,
lnort a•e ( l. •. Hoo•> la co
the ,...•hole duri•I ch• ,.,..,.,
-ratlOft
lffocUven•H of ualn1
auc-uc pollen
lff•cCiYMI... Of TOcycli••
co the produce au

Chntcel chareccedHt lon

Plaueol ActhtUee ta
Obt•l• Dec. .......

"°

Title CDlltrol vUl
..,•luatod
bJ ...lae and OlllL at tM
Ual,,_rah7 of Mtn. .aoca (Duluth)
(11111) rouer -l•c/lcotc
p•lUcau. . facility

ThO llall.....oalu•ha cont fmcU1ty
at tha u.1. a.reau of 111- ac
re. •-1un1 "1... haa • ac.. cup _ , flare chat . ., llo
••.•Ualllle ror t••U"I

ThO 1111 fecUlcy 11111
...c-uc ,....,.

UH

Th• 11111 lecility Vlll llH thil
for tMlr rmr 1tor•ao tHll.
'fa•t ..... vUl bo •!lmraccednd
117 .... lae aM OML
'nl• Pik• c-cy Voll--C.luaba
facU1cy .., haft a ltretford
auUur •-11 p r - • . Thia
mtro- vUl bo choracterla.. bJ'
b<flan Md ollL. Ochor poe.. ua1
teec elt••
c•r ..•c17 h&na

•I'•

pura- by .... , ...

lffecUV911eH of uai•I e Cleua
... call ... ci...,.
for e11Uur r - a l

MtA actd 1•• •tr•••

L!sul•

P••-

proc•-•

Ho pla~ lor
r•••i•I ••lfur frae low-It• ...

llo MIA

at ac-.rlc ,,......

arn-u

Aala •luice

weer

a...&cel ... btolo1tcal ch• ...
acced..U - for affl,,_t
a•ldeUae et....rd•..,. c perU.. to the Mm'• for hish. .uur bttuat- ..,. Uplt•

lffn&i-H of collecttoa
and reuae of tlM Hh dulca
vat•f'

Aah eluic• veter for the IHi•
ft••tloe of Uplte ac tlM re.
sne111.. facllltJ vUl be
chllrMterlaod ltf ... 1...

c.oel•

Clle•ical •d bioloalcal cheracud..t t - for efflunt
pideUoe• •d c..,.rt- to
,.,. HID'• for 111...-.ulfur
ltlhm!-, •threctce Hd
Up!Ce coel8
Strufnn bl"""-

· lffecCl-H of coacntretl.Jll
prec••• condeneece by rorc•d
••aporatio•

Laboratory c.. u •r llo perfo""'d
to evaluate th• , • .....,. . .teeione
P,Mrat•d bJ fore ... eYeporeu..

Chemical ... bioloSiHl char•
Mterl.aac1- for .rn-t
pJ.deUoee _. c..,•d- to
CM 11111'• fer hip- and 1 euUur lllt-.iao•, HthraclU
..., Up!H coeh

lffecU,,..eu of r...iucu ...
lncineractOft

ltadMCUve laciner•Uou My Ito
.... at the Pike C-tJ faclllty

Cho.teal ..,. bloloatul charMtertuu- for hip•
•ulrur b l t . U - &ad Uplt•
coal•. Leachlll1 acudtn an
.....d to dater.I- U clle '• ci...utod .............. "'

Control requl,._C• 11111 Ito
defined by tlMI ICIA baHd oe
cMllical and blolo1J cat
choraetarbUca

Leachln1 te•H tor llptt• ull
•r• PlanaM. Othor ltacbta1
ceata for l-1Ull11r lttt ...111.... •r alao bo perforeo4

Clonlcel _. bioloSicll chor•
8eter1ation• of duat collocted
from ... lf:rt•1 blah- •84 1 •ullur b t t • i - U1nice
coela aro ....... for tho RUA

C01ttrol requlr-u vlll Ito
defined by the llCltA bMe• OD
cH9ica1 and ~lolo1fcal
c"8roctert.Uca

Lucbfn1 t . . u for Upit .. •re
p l a - . Otbet IHcbill& t•ta
,for l..,_euUur l t l t ' * - coel

lffnclvan... or eo1111... cl81

l.alloratory tHC• •1 ,,_ porfonn
to ..,aluace d11ec c-eeion
cbaracterl•C lo

SoU'1 Wa.cn

r.aaift•r

••II

&lie ICU

Cyclone dun

,... ••t ..y

s .. 1r11r

H!A b l - -

... " " " "...

., ... ,.,,.,,_

. . . . . . (H

Che•lc.l bioloalcal chuecterhaUoea of ou!fur are
the llCllA

COntrol tv•1uir-ta vUl Ito
dafl.llad by tho ICU bHod oe
ci..tcaL lftd biolo11cd
char8eteriaC1ca

Sullur pra.iucud by the Stretfor•
procua vUl Ito characreriHd If
• Stratford proc..• la ued ac
Pttu. CountJ or lf -her taat
aUa ca• M obt•lnetl.

CJ!Hical aad biolosical charecceriatioe• ere needed for
tbo ICIA

Concrnl requ1.-u 11111 bo
4aflned by cha llCllA b••ed on
che•ieal and bloloSlcd

llo lllA proc•H.. •re curr..d1.
pl...ed to , _ eulfur from
ICMephortc 1-lrll IH acre-

characcart•clc•

274

TABLE 17. PROCESS AND PROCESS STREAM DATA NEEDS AND PLANNED
ACTIVITIES TO OBTAIN THOSE DATA
Procea•

Data Heed•

flanned Activitie•

Wel hian-Calusha Cast Uer

Fate of polluta11t• (•ulfur apecies. nilrogen species. tan and oils)
for vartoua gaalfter operating conditlona and coal feedatock•.
Operating conditions that need to be evaluated include stea•/air
ratio. coal throughput. and bed depth. High-aulfur blt1111inoua coal
bas not been teated since all c-rcial facilities use low-sulfur
bitu•inoua and anthracite coals.

le•earch Trianale ln•titute and North
Carolina State Univeraity vlll be performing
parametric atudiea on bencb-acale gaaif iera
uaing varlou• coal feedatocka.

Particulate RC!llOval Hot Cyclone

Collection efficienciea of bot cyclone• are needed since the
particulates not removed will affect downstrea• gaa purification
proceases and the raw gas combustion process characteriatica and
flue gases.

Particulate removal efficiency studiea for
the bot cyclone at the UHD facility are
planned,

Ga• Quenclolng/CaoUna

Fate and diRtributlon of sulfur species. nitrogen apedea, tars.
oils and particulate .. tter are needed. The quenched and cooled
gaa cbaracterlstics will affect the perfoTI1ance and deatan of
downatrea• purification proccsaea.

The Pike County facility .. y hava a gas
quenching/cooling proceas. 11ae Chap.an
facility . ., be used to evaluata thi• proceaa.

Tar Removal Tar reS10val effectiveneaa needa to be deter•lned alnce reaidual
Electroalattc Precipitation tar/oil aerosola will affect the perfor..11ce and deaign of
downstrea• s11lfur removal proceasea.

The tar/oil removal effectiveneas will be
detenilned at the UHD gasification facility.

Sulfur Removal - Stretford

Sulfur re1110val effectiveness needs to be deteralned. There are
currently no data on the performance of the Stretford proceaa
used to rcmov~ HzS f~oa low-Btu gas.

Stretford proces• perforaance will be
evaluated by !PA and DOE if a Stretford unit
is used at Pike County. Other teat altea
are currently being identified.

F.nd Use - Combustion

eo.busllon gasea frOl8 bunafng hot raw gas. quenched gaa and
deaulfudzed gas are needed along vitb tar cOllbuation aaaea.

Combustion gases viii be characterized at
the Ft. Snelllna and UHD facility.

land resulting from air emissions and the
control of those emissions: and
• Energy and economic impacts associated
with controlling air emissions.
Accurate, well-documented data for emission
measurements are needed to prepare an SSEIS,
along with representative data concerning control equipment performance.
All methods used to measure emissions must
be documented. Where EPA reference methods
are used, citation of the appropriate part of Appendix A, 40 CFR 60, is sufficient. Any new
methods or modifications of the standard sampling and/or analysis methods must be clearly
defined and discussed. Confidence intervals on
the data obtained from modified or new methods are required along with a discussion concerning the representativeness of those data
with respect to long-term emissions.
As part of the SSEIS, OAQPS needs accurate
data concerning control technology performance, costs, and energy usage. These data also
include water pollution control and solid waste
disposal when there are liquid and solid waste
streams resulting from an air pollution control
device. If possible, data on control technology
should be collected on demonstration-size units.
The following OR&D inputs are desired by
OAQPS:
• Development and evaluation of continuous
monitoring devices for selected pollutants in
air emissions,
• Identification of other potentially harmful
pollutants in air emissions,
• Assessment of a control technology's performance in controlling potentially harmful
pollutants, and
• Evaluation of con•rol technology performance, costs, and energy usage.
Results from the above inputs need must be discussed in detail and to be well documented.

• Waste streams from Wellman-Galusha facilr
ities
What are the po~entially harmful pollutants
in gaseous, liquid, and solid waste streams,
including potential fugitive emissions?
What are the emission rates of those pollutants?
What potentially harmful pollutants in those
streams are not currently regulated?
Wha\ are the health and ecological effects of
those pollutants and streams?
• Pollution control technology
What technologies have been demonstrated
in controlling gaseous, liquid, and solid
waste streams from Wellman-Galusha facilities?
What are the economics and energy usage
associated with controlling those streams?
Each program office needs representative and
accurate data concerning:
• Chemical, physical, and biological characteristics of the waste streams to air, water, and
land;
• Technology required to control those waste
streams; and
• Chemical, physical, and biological characteristics of fugitive emissions resulting
from the processing, storage, and transport
of waste streams, products, and byproducts.
The waste stream and fugitive emission data
must be able to stand up to a traditional peer
review and court review before the data are
used for r~commending standards. Control technology data should be obtained on demonstration-scale control equipment.
The following text contains a summary of the
· specific issues and areas of concern by each
EPA program office.

Office of Air Ouallty Planning
and Standards (OAQPS)
OAQPS prepares a Standards Support and
Environmental Impact Statement (SSEIS) document to back up its regulatory activity. These
SSEISs address specific source categories, and
each document contains the following items:
• The process or processes and associated air
.emissions;
• Emission control techniques, including process modifications fnd "add-on" control
equipment;
;
• Environmental impacts to air, water, ana

Office of Water Planning
and Standards (OWPSJ
OWPS has data needs and requirements similar to those of OAQPS, except with respect to
effluent streams. Effluent measurements to
determine the presence and concentration of
the 129 priority pollutant species are needed.
These measurements should be performed by
techniques established as adequate for standards support. Other standard measurements,
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such as total suspended solids, biological oxygen
demand, pH, etc., are also needed along with the
identification of other potentially harmful
species in process effluents.
Accurate control technology performance
and economic and energy usage data are inputs
needed by the OWPS. If possible, these data
should be obtained from demonstration-size
processes. Sampling and analysis techniques
and control technology performance data must
be thoroughly discussed and well documented.

fective control technology? From ORP's point of
view, OR&D environmental assessments must
include measurement of Radon 222 and Radium
226.
Gross a and (j measurements on waste
streams are not adequate. to fulfill ORP needs.
Gamma-ray spectrometry followed by U235,
Th282, and K40 elemental analysis are required.
Accurate particle size distribution data from
emission sources are also needed.
Office of Enforcement (OE)

Office of Solld Waste (OSWJ

The needs of the Office of Enforcement are
very similar to those of OAQPS and OWPS. If
OE is to advise on the issuance of permits, or in
some cases, issue permits, for Wellman-Galusha
plant operation, it must have a comprehensive
view of Wellman-Galusha low-Btu gasification
technology.
Many of the EPA program offices' general
and specific issues and areas of concern can be
addressed for Wellman-Galusha low-Btu gasification systems. However, because of a limited
budget and a limited number of available test
sites having best available control technology,
the data collected on gaseous, liquid, and solid
waste stream characteristics (chemical, physical, and biological) and technologies to control
those streams must be prioritized. Priorities
will be based upon the program offices' R&D
needs and standards support schedule that are
defined in the Standards Support Plan for Synthetic Fuels, to be published by IERL/RTP of
the Office of Research and Development.

OSW has issued proposed regulations establishing the criteria for methods of testing for
and handling and disposal of hazardous wastes.
Their present needs from OR&D for WellmanGalusha gasification technology are minimal.
However, the application of the test methods
and identification of hazardous waste streams
from the various processes in Wellman-Galusha
gasification systems will provide necessary data
for the various cognizant enforcement and
monitoring agencies at the local, State, and
Federal levels.
Office of Toxic Substances (OTSJ
OTS needs information on toxicity and exposure potential of pollutants in the product and
byproduct streams associated with WellmanGalusha facilities to guide its regulatory efforts.
Although OTS will rely on the other program offices (OAQPS, OWPS, and OSW) to regulate
waste streams and residuals, it will probably
serve in an advisory capacity to guide efforts of
these offices relative to toxic substances.
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Office of Radiation Planning (ORP)
ORP may consider in FY80 the radiation
hazards posed by the operation of WellmanGalusha gasification facilities as well as other
synthetic fuels plants. Radon 222 in air emissions from these plants, or as fugitive emissions
from coal piles and ash piles associated with
plant operation, would be one concern. Another
concern would be the Radium 226 trace impurities in coal pile runoff. A key question for ORP
is: Providing that Radon 222 is found to be a
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would synthetic fuels plants function as an ef-
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Abstract

• Conditions responsible for enhancing reduction of.phenolic compound production do not
adversely affect production of the primary
product of coal gasification.

An investigation of the engineering relationships governing the production of phenols during coal gasification processing is described.
Experiments were conducted on bench-, PDU-,
and pilot plant-scale facilities to assess the impact of initial formation and subsequent decomposition phenomena on observed le~els of phenolic compound production. Experimental efforts included:
• Bench-scale investigation of the decomposition characteristics of select phenolic com·
pounds in the homogeneous gas phase and
over fixed beds of lignite char and limestone
acceptor solids,
• PDU-scale experimentation on the Pittsburgh Energy Technology Center's Synthane PDU ga8ifier to assess the effects of
changing initial devolatilization conditions
on the formation of phenols from coal, and
• Pilot·scale investigation of coupled forma·
tionldecomposition phenomena via probe
sampling of the spatial chemical composition within the C02 -acceptor pilot plant gasifier in the vicinity of the fresh coal feed location.
Integrating the results of these three separate
experimental studies facilitates an understand·
ing of phenolic compound behavior during coal
gasification. Major behavioral characteristics
identified indicate that:
• Phenols are formed inherently during the
devolatilization stage of coal processing,·
• Production of phenols, which. are highly
susceptible to thermal and catalytic decom·
position, is controlled by physical and opera·
tional characteristics of the gasification
process that could enhance thermal and cat·
alytic cracking, and .

INTRODUCTION

Phenolic compounds comprise a family of aromatic hydrocarbons produced during coal gasi·
fication. They report to aqueous and hydrocarbon condensates (when produced) and are
removed from raw gasifier product gas during
quenching operations. Production of phenolic ef·
fluents during gasification processing is highly
variable and is a strong function of both
gasification process conditions and quench sys·
tem operation. This apparent variability, both
between and within individual processes, provides the incentive to investigate the relation·
ships that govern production of phenols during
coal gasification.
Given the current status of coal gasification
research in the United States, it is clear that the
environmental acceptability of a process must
be determined based on data from subcommer·
cial facilities. As a result, a substantive engi·
neering basis is needed to properly obtain and
interpret environmental data taken at POU and
pilot-plant scales of development. In view of the
fact that significant changes in operating condi·
tions can occur in scaling to commercial-size
facilities, data must be obtained that permit
adequate decoupling of process variable interactions so quantitative projections of phenolic
compound production can be made. The accuracy of these projections affects the design
and operation of all modes of processing downstream of the primary gasification system.
An experimental strategy is developed that
effectively uses three different experimental
scales of process development. Production is
qualitatively segregated into initial formation

*Speaker.
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material can be processed via biological oxidation in the presence of bacterial organisms.
Reduction of phenols in hydrocarbon condensates can be accomplished by injection of tar
back into the gasifier, which is frequently done
for commercial fixed-bed gasification technology.

and subsequent secondary reaction steps within
the gasification environment. The choice of
experimental efforts reflects the desire to study
these phenomena individually and in a highly
coupled manner. The primary data base needed
to delineate the pathway governing production
of phenols in coal gasification processing is generated from these experiments.

Variable Phenolic Compound
Production Rates

PHENOLIC COMPOUND PRODUCTION
DURING COAL GASIFICATION

Data summarized in Table 1 indicate substantial variation in measured phenolic compound
production rates, both within and across processing concepts. Given the widely different
processes represented, this is not surprising.
· Large changes in macroscopic operating conditions and physical gasifier geometries must affect the production of phenols. In addition, variabilities within processes should be expected if
significant differences in operating conditions
can be effected.

Phenols are of primary interest in coal gasification processing. Although produced in small
quantities relative to the major product of gasification, their presence is important in specifying particular modes and configurations of
downstream raw product gas processing. When
produced in sufficient quantities, they can
represent a valuable byproduct of gasification.
If byproduct recovery is uneconomical or production is limited, they represent an effluent
that must be eventually processed. The amount,
type, and physical characteristics of phenols
produced during coal gasification determinesthe physical and chemical nature of the processing scheme required.

Phenol Production Variation
Across ProcessesProcesses listed in Table 1 are significantly
different, both physically and operationally. Differences exist in operating temperatures and
pressure, contacting geometry, and coal type.
These differences are summarized in Table 2
based upon characteristics of operating pilotplant facilities.
The type of gas-solid contacting varies considerably, implying substantial differences in
modes of mixing. Pressure and temperature
variations are considerable, with the latter segregated to specify the initial thermal conditions
the coal meets upon entering the gasification
environment. Coal type is indicated more from
an operational viewpoint because neither C02Acceptor nor the slagging fixed bed facilities
can operate on bituminous coals.
The most obvious difference in production of
phenols occurs for the C02-Acceptor process
(see Table 1), where production is fully two to
three orders of magnitude less than for any
other process. Differences in processing conditions are also evident. Most notably, pressure
and initial coal devolatilization temperature are
consistently higher and lower, respectively, for
all other processes. Further cross-process
comparisons are difficult because of considerable observed variability within processes.

Basic Production and Proceaslng
Patterns of Phenols

The general pattern of phenolic compound
production and processing is illustrated in Figure 1. Phenols produced during gasification exit
the gasifier with the raw product gas and are removed during quenching operations. They report to both aqueous and hydrocarbon condensates, when produced, because of their partial
solubility in water and the aromatic nature of
the compounds. Relative quantities of condensates produced are a strong function of gasification process conditions.
Two basic options are available for processing phenolic condensates: byproduct recovery of
crude phenols, and destructive treatment of
phenols. Crude phenols can be recovered from
either aqueous or hydrocarbon condensates.
Solvent extraction and distillation are two
frequently used recovery techniques. In the
event that byproduct recovery is not feasible,
phenols in both aqueous and hydrocarbon condensates can be destructively treated. Aqueous
condensates containing high levels of phenolic
280

-

Raw

.

Option 1:

By-Product
Recovery

-,.

Option 2:

Destructive
Treatment

...._

Product Gas

Q

u

-

E
N

'
G

c

A

H

-

s
I

Coal

..

F

Phenolic
Condensates

-

~

I

E
R

Rgure 1. Basic production and processing patterns of phenols during coal gasification.

Phenol Production Variation
Within Processe1Differences in phenol production rates within
individual processes are significant and suggest
that changes in processing conditions can also
significantly affect production. The complexity
of pilot-plant systems, operationally and
physically, precludes straightforward analysis
of this behavior. However, results of experimentation conducted on the Synthane Pilot Development Unit (PDU) dramatically illustrate that
production of phenols is substantially reduced
simply by feeding coal deeper into the gasifier.8
Although production of phenols and hydrocarbon tars decreased substantially as coal was
injected deeper into the gasifier (see Table 3),
the extent of these observed reductions differed. Alteration of coal feed geometry significantly changed process variables such as temperature, vapor residence time, gas-solid contacting, and coal heating rates. Changing from
free-fall (i.e., gravity feed through-solids disengaging wne) to shallow bed-injection (i.e., feed
directly into the fluidized bed) of coal resulted in
major increases in all variables except residence time. Residence time was the only vari-

able to increase substantially as coal was fed
deeper into the fluidized bed. Coupling of hydrocarbon production reductions and process variable changes suggested:
• Phenol production was reduced by increasing temperature and residence time, consistent with thermal cracking mechanisms, and
• Hydrocarbon tar production was reduced
primarily by changing initial coal devolatilization conditions (i.e., coal heating rates, gassolid contacting).

STRATEGIC EVALUATION OF PHENOLIC
COMPOUND PRODUCTION PATTERNS
As a result of the demonstrated variability in
production of phenols, determination of basic
production patterns for phenols during coal gasification was considered desirable. Production
of phenols, as well as of any other effluent, is a
manifestation of two distinct phenomena: initial
formation from coal followed by subsequent secondary reactions within the gasification environment. Proper delineation of these characteristics required minimizing the inherent complexity of the individual reacting systems. Ex-

TABLE 1. SUMMARY OF RANGES OF PHENOLIC COMPOUND
PRODUCTION FROM COAL GASIFICATION PROCESSES

Phenol Production(a),
lb/ton MAP coal

Process

Bigas

< 0.01

C02-Acceptor
Hygas(b)

1-16

Slagging Fixed Bed(c)

10-30

Synthane POU

1-12

Footnotes:
a)
b)
c)

Data from.Reference 1, except where noted.
Includes data from Reference 2.
Data from References 3-7.
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TABLE 2. SUMMARY OF COAL GASIFICATION PILOT-PLANT OPERATING CONDITIONS

TemeeratureCb)
Process
Bigas

co 2-Acceptor

NI

00

~

Coal Trpe(a)

Pressure,
atm

Devolatilization(c)

Gasification

NR

Entrained Flow

69

925-1200

1650

Lignite and
Subbituminous

Fluidized Bed

11

815

815

69

425-650

870

175

1650

NR(d)

Hygas
Slagging Fixed
Bed
Syn thane

PDU

2 o~

Contacting
Geometry

Lignite and
Subbituminous
NR(d)

Staged
Fluidized Beds(e)
Fixed Bed

<. 30

Fluidized Bed

(. 40

400 - 700

870

Footnotes:
(a)

Coal types include lignite, subbituminous and bituminous, with NR

(b)

Temperatures represent averages, accurate to within at least +10 percent.
are noted.

(c)

Initial temperature conditio11 to which coal is subjected.

(d)

Use of bituminous coal requires an oxidative thermal pretreatment step.

(e)

Coal is devolatilized in an upflow entrained-flow riser tube.

refer~ing

to no restrictions.

Wide temperature variations

TABLE 3. COMPARATIVE STEADY-STATE PRODUCTION RATES FOR PHENOLS AND TAR: FREE-FALL.
SHALLOW. AND DEEP-BED INJECTION OF NORTH DAKOTA UGNITEC•I

Phenols
Coal Injection
Geometry

Production,
lb/ton MAF coal

Percent
Reduction (b)

11.9 + 1.3

Free-Fall

Tar
Production,
lb/ton MAF coal
74.1+27-

86

71
t..:i

~

10.1 + 5

3.5 + 1.9

Shallow Bed

38

86

0.5 + 0.6

Deep Bed

Percent
Reduction

Footnotes:
(a)

Source:

Reference 8.

(b)

Reduction achieved by injecting coal deeper into the gasifier.

6.3 + 2.2

periinents were strategically designed to segregate these phenomena. The inherent advantages of various experimental scales, as illustrated in Figure 2, were used to define an experimental program consisting of:
• Bench-scale investigation of thermal
decomposition characteristics,
• POU-scale investigation of formation characteristics, and
• Pilot plant-scale investigation of coupled
formation/decomposition characteristics.
Integrating the results of these investigations
provided the basis necessary to delineate the
patterns of phenolic compound production during coal gasification.

• Heterogeneous decomposition of phenol
over fixed beds of gasifier solids.
Homogeneous gas phase experimentation
keyed on the effects of various combinations of
temperature, residence time, and hydrogen partial pressure. The reactivity of two distinctly
different phenolic compounds was needed to
characterize phenol reactivity relative to cresols and xylenols previously reported.910 Decomposition of phenol in the presence of fixed beds
of gasifier solids was necessary to assess potential catalytic effects in gasification systems. The
bench-scale equipment used to study these
phenomena is illustrated in Figure 3.

Homogeneous Phenol DecornpolltlonDecomposition Characteristics of Phenols

To facilitate initial work, experiments were
conducted using pure component phenol at atmospheric pressure. Although a variety of
phenolic compounds are normally found in coal
gasification aqueous condensate, phenol is
typically the largest single constituent (i.e., 40
to 60 percent of total pbenols).1112 18 Process con- .
ditions were varied to study the effects of
temperature, residence time, and reaction. gas

The experimental strategy was designed to
investigate patterns of phenolic compound decomposition:
• Homogeneous gas phase decomposition of
phenol,
• Homogeneous gas phase decomposition of
ortho-cresol, and
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Figure 2. Strategy for multlscale experimental Investigation of phenolic compound
production In coal gasification processing.
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composition on rates of phenol decomposition
and the nature of the decomposition products.
The range of process conditions in these experiments included:
• Reactor temperatures from 800° to 975° C,
with primary emphasis on the range 760° to
900° C:
• Reaction gas residence times of 2 to 4 s: and
• Hydrogen partial pressures of 0.0, 0.2 and
0.5 atm, each at a constant water partial
pressure of approximately 0.5 atm.
Such homogeneous thermal decomposition rate
measurements at atmospheric pressure provided a distinctly conservative estimate of
potential phenolic compound decomposition
rates in the presence of char at system pressure. Experimentation under well-controlled
conditions also provided quantitative decomposition kinetics for the most prevalent single
compound in coal gasification aqueous condensates.

periments permitted assessment of the relative .
magnitudes of reaction rates in the presence of
potentially catalytic solid surfaces typical in
coal gasificat.ion processes.
Formation Characteristics of PhenolaA series of six gasification trials were conducted on the Synthane PDU (see Figure 4) to
examine the sensitivity of phenolic effluent
production and composition to critical changes
in devolatilization process parameters. Variations in gas-solid contacting and heating/diffusion rates were effected by altering coal injection geometry and mean coal particle size, respectively. The relative effects of thermal/catalytic decomposition, identified during benchscale experimentation, were minimized by
injecting fresh coal on top of the fluidized bed.
This mode of coal injection provided devolatilization conditions similar to previous shallow
and deep bed-injection trials,8 while essentially
eliminating residence time of devolatilized
species in the hot fluidized bed.

Homogeneous Ortho-Creaol
DecompolltlonOrtho-cresol was chosen as a second phenolic
compound in these studies because cresols are
the largest class of phenolic compounds in coal
gasification wastewaters, with ortho-cresol the
most reactive of the cresols.9 10 14 The range of
experimental conditions included:
• Reactor temperatures from· 600° to 900° C,
and
• Reaction gas residence times of 2 to 4 s.
Hydrogen and water partial pressures were
maintained at approximately 0.2 and 0.5 atm, respectively. These studies, in conjunction with
studies of phenol, would define a "decomposition envelope" for approximately 80 + percent
of the phenolic compounds typically found in
coal gasification aqueous condensates.

Gas-Solld Contactln9Gas-solid contacting in the Synthane PDU
was varied by utilizing both free-fall and top
bed-injection of North Dakota lignite coal. Freefall injection of coal permitted devolatilization
to occur in a relatively dilut~. unmixed environment. Top bed-injection of coal onto the
gasifier's fluidized bed produced the intense
gas-solid mixing thought to enhance secondary
reactions of devolatilized species with hot char
surfaces. Because residence time of devolatilized species in the hot fluidized bed was minimized, the impact of devolatilization conditions
was effectively isolated.
Coal Particle SizeVariation of coal particle size influenced rates
of coal heating and diffusion of devolatilized
species from the coal particles. Transient transport by either of these mechanisms (generally
described in terms of the Fourier number) contains the same functional dependencies (i.e.,
proportional to diameter squared). Particle sizes
used in this study produced initial heating and
diffusion rates that differed by more than an
order of magnitude. Initial heating rates (i.e.,
assuming an .iso.thermal coal p~rt_icle) we_re_
4,000° and 84,000° C/s for 220 (i.e., 20 x 100
mesh) and 50 (i.e., 70 percent through 200 mesh)

Heterogeneous Phenol DecompositionChar solids occupy significant portions of coal
gasifiers. In addition, the C02-Acceptor process
required the use of a lime-bearing acceptor. Experiments were conducted to evaluate separately the decomposition of phenol in the presence of fixed beds of North Dakota lignite char
from the Synthane PDU and lime-bearing acceptor from the C02-Acceptor gasifier. Similar
conditions of residence time, water, and hydrogen partial pressures were used at reactor temperatures ranging from 350° to 750° C. Such ex287
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micron coal particles, respectively. Overall
heating rates (i.e., coal particle reaches 95 percent of reactor temperature) were 200° and
8,000° C/s, respectively. The range and order of
magnitude changes in these rate processes
were sufficient to identify the combined effects
of heating and diffusion rates on phenolic compound formation during coal devolatilization.
Operation of the Synthane PDU during gasification of such widely varying coal particle sizes
required maintenance of either constant carbon
conversion or fluidizing conditions (i.e., gas-solid
contacting). Because coal devolatilization is a
rapidly occurring phenomenon, it should not be
affected by levels of carbon conversion typical
in the Synthane PDU (i.e., 50 to 95 percent). As a
result, "constant" fluidization conditions were
maintained throughout these gasification trials
as defined by Damon. 15 Operating velocities
necessary to achieve these fluidization conditions were 10.4 and 8. 7 cm/s, for mean particle
sizes of 220 and 50 microns, respectively. Selection of fluidization velocities in these trials was
based solely on the operating constraints of the
Synthane PDU gasifier.

gasifier environment. Complete characterization of process gas samples provided data on
both phenols and hydrocarbon tars/oils, as well
as for inorganic effluents (e.g., hydrogen
cyanide and ammonia), and COrAcceptor
gasifier process dynamics (i.e., steam-carbon
gasification kinetics and fluid mechanical
behavior)i11 A schematic of the base of the COzAcceptor gasifier and the three longitudinal
probe locations is shown in Figure 6.
Formation of PhenolsEffeetive segregation of phenolic compound
formation within the COracceptor gasifier required sampling in the immediate vicinity of the
location of fresh coal feed. As a result, a primary
location for a sampling probe necessarily had to
be opposite this point in the gasifier. Then,
sampling could occur progressively closer to the
fresh coal feed location through an approach
from the opposite side of the gasifier. The
sampling point closest to fresh coal feed was approximately 25 cin above, offset by 16° (see
Figure 6).
Decomposition of PhenolaSampling probes were located at various levels
around the coal feed location to track the fate of
phenols within the gasifier following their
release during coal devolatilization. Since gas
and solid mixing patterns within the gasifier
were not known a priori. two additional probes
were located approximately 56 em abo.ve and 36
em below the coal feed location. Probe entry into the gasifier was offset by 110° and 225° for
top and bottom probes, respectively. Combined
with the capability to perform a radial traverse,
the environment within the gasifier could be effectively sampled.

Coupled Formation/Decomposition
Characteristics of Phenols

Negligible quantities of hydrocarbon tars,
oils, and phenols were produced from the C02Acceptor pilot-plant gasifier. Coal was injected
at the base of the gasifier's fluidized bed,
operating at 11.5 atm and 815° C. Volatile
species released from the coal had to travel
through over 8 m of a fluidized char bed to exit
with the product gas. In view of the eomplexities governing production of phenols during
coal gasification, formation and decomposition
were impossible to decouple by measuring external production characteristics.
This- experimentwas designed to investigate
phenol production characteristics on a largescal.e gasification system. The inherent coupling
of formation and decomposition phenomena
made it an attractive site for strategically
designed experiments where both phenomena
could be observed. This was accomplished by
sampling the 1patial chemical compo1ition of the
guifier in the vicinity of fresh coal feed. Sampl!Jig probes able to with1tand the severe gasifier
condition• were designed to quantitatively
remove proce11 gas from within the three-phase

PATHWAYS TO PRODUCTION OF
PHENOLS IN COAL GASIFICATION
PROCESSING
Results of these investigations cover essentially the full range of parameters for each individual effort. Bench-scale phenolic compound
decomposition studies were previously presented for the initial phenol work,17 and for later
ortho-cresol and solids experiments.18 18 111 Results of experimentation on the Synthane PDU ·
were reported for characterization of all effluent and product species.118 Process gas and
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environmental characteristics within the COzacceptor gasifier have also been analyzed and
reported. 16 The following discussion evaluates
experimental results that help delineate the formation and decomposition patterns of phenols
during coal gasification.

Results, summarized below, include data from
runs CHPFL-284 and 285 (free-fall coal injection)
and CHPFL-287 and 288 (top bed coal injection,
220 and 50 micron particle diameters, respectively~

Delineation of Formation
Characteristics of Phenols
Bulk Formation of PhenolsResults of experimental investigations conducted on the Synthane POU point distinctly to
inherent formation of phenols during coal
devolatilization. Data summarized in Table 4 indicate essentially invariant production of total
phenols (i.e., 8 ± 3, 7 ± 4 and 6 ± 1 lb/ton MAF
coal) over the full range of varying coal
devolatilization conditions. In contrast, note
that changes in devolatilization conditions
result in significantly reduced production of
hydrocarbon tars and oils. In the case of the
COz-Acceptor gasifier, probe sampling at the
point nearest fresh coal feed (i.e., - 25 cm above
coal feed) identified levels of phenols of 1 to 2
lb/ton MAF coal. This is in contrast to levels of
phenols fully three orders of magnitude lower
(see Table 1) as measured in the raw product
gas. The release of phenols from coal, based
upon observed characteristics in the Synthane
POU, must necessarily occur through the lower
end of the coal's thermal processing (i.e., less
than 650° C).

Coal feed
geometry

Ratio
colorimetric/GC

Free-fall
Top bed

0.61 ± 0.02 (4)
0.74 ± 0.02 (4)

On the average, only 61 to 74 percent of total
phenolic material measured gas chromatographically is detected in the colorimetric determination. This behavior is significant because
the colorimetric technique, an accepted standard method for determination of phenols in
gasification wastewaters, does not detect between 26 and 39 percent of the aqueous phenols
present in these aqueous condensates.

Primary Phenol Homologues Formed During
Coal Gasification-The only phenolic compounds detected in these experimental investigations were single aromatic ring phenols (i.e.,
phenol, cresols, and xylenols) present in Synthane POU aqueous condensate. Phenol and cresols were the only phenols detected in condensates from probe sampling in the COz-Acceptor
gasifier. Unfortunately, formation was not decoupled entirely in the COrAcceptor probe
studies, and hydrocarbon condensates produced
in the Synthane POU were not analyzed for phenols. However, published data for the Synthane
POU and the Grand Fork's Slagging Fixed Bed
gasifiers, where both aqueous and hydrocaron
condensates were analyzed for phenols, were
available and are summarized below:

Phenolic Compound Homologue& Formed
During Coal GasificationThe types of phenolic compounds present in
aqueous condensates cannot be determined
simply by characterization of total phenols,
measured colorimetrically. Selected condensate
samples from both the C02-Acceptor and Synthane POU gasifiers were analyzed via direct
aqueous injection gas chromatography to assess
the types of compounds produced. Results were
significant from an analytical standpoint as well
as for delineating phenolic compound formation
characteristics.
Comparison of Phenolic Compound Production Levels from Total Colorimetric and GC
Analyses-Data from experimentation on the
Synthane POU suggest a negative bias in determining phenols by the colorimetric technique.

Run
Synthane PDU 1 8
CHPFL-111
CHPFL-118
291

Phenolic compound
production 16
lb/ton MAF
coal
Single
Single
Multirings,
percent

13
13

5
3

71
83

TABLE 4. SUMMARY OF STEADY-STATE CONDENSIBLE HYDROCARBON PRODUCTION LEVELS FOR
GASIFICATION OF NORTH DAKOTA LIGNITE IN THE SYNTHANE POU

Trial No.

Coal Feed
Geometry

Mean Particle
Size, microns

Free-Fall

so

CHPFL-284

Condensible Hydrocarbon Production, lb/ton MAF coal
Oils
Phenols
Tar

13

CHPFL-285

+

3Cb)

54

(6)

+

11 ( c) .

8

+ 3

+ 38

7

+

4 Cd)

6

+ l

(2)

CHPFL-288
('¢

'°

('¢

Top Bed

50

0.4

CHPFL-289

+

0.4(d)

CHPFL-286
Top Bed

220

0.3

CHPFL-287

Footnotes:
a)
b)
c)
d)

49

4

(6)

Minimum total phenols as phenol, determined colorimetrically.
Values in parentheses are number of data points averaged.
Data for CHPFL-285 only.
Includes single data points for either CHPFL-286 or 289.

+

(4)

0.2

Run
GFETC SFB
RA-21 57
RA-31 8
RA-408

Phenolic compound
production us
lb/ton MAF
coal
Single
Single Multirings,
percent
27
29

4

88

4

19

4

89
82

oxygen content. Drastic swings in coal oxygen
content do not result in similar variability in
phenolic compound production. The small
amounts of coal oxygen that report as phenolic
effluents only hamper accurately tracking the
fate of coal oxygen during formation of phenols.
Delineation of Decomposition
Characteristics of Phenols
The major conclusion from these experimental investigations is that production of phenols
during coal gasification is controlled primarily
by decomposition processes. Phenolic compounds are susceptible both to thermal and
catalytic decomposition, although not to the
same extent. The unique atmosphere present in
coal gasification processing (i.e., high relative
H2 and H20 partial pressures) precisely determines the decomposition pathway for the
formed phenolic compounds. Experimentation
across bench-, POU-, and pilot plant-scale processes amply supports this behavior.

These data show that single aromatic ring
phenols are by far the most predominant
phenolic compound type formed from coal during gasification processing. Single aromatic ring
phenols comprise 71 to 83 percent of Synthane
POU phenolic condensates. The Grand Fork's
Slaggirig Fixed Bed gasifier produces from 82 to
89 percent single aromatic ring material for the
data shown.
Correspondence of the Pattern of Phenolic
Compound Formation with State-of-the-Art
Coal ChemlatryIronically, one must address decomposition of
coal itself to explain the formation of phenols
from coal. In effect, candidate reactions responsible for phenolic compound formation from a
hypothetical chemical structure of the coal
"molecule" are proposed. As a result, the present understanding of specific chemical groupings and their orientation in the coal "molecule"
makes this prognostication speculative at best.
Based on the behavior identified, certain conclusions can be drawn in addressing formation
of phenols from coal.
· • Phenolic compound production from
gasification systems that minimize thermal
decomposition (i.e., Lurgi, Slagging Fixed
Bed, Synthane) varies by less than a factor
of 2 to 3, regardless of coal rank;
• Coal oxygen content varies by as much as an
order of magnitude between lignite and bituminous (on a moisture- and ash-free basis);
and
• Phenolic effluents from coal gasification
processes typically contain less than 2 percent of the coal's original oxygen (on a
moisture-and ash-free basis).
What should be noted is the apparent invariability in phenolic compound production
compared to the significant variability in coal

Relatlve Phenolic Compound ReactivityA significant data base is reported that
defines the decomposition of phenolic compounds, specifically the methyl-phenols. Dealkylation rates of phenols increase with increasing molecular weight (i.e., additional alkyl
substitution).14 Xylenols as a compound class are
more reactive than cresols.9 Of the three
isomeric cresols, meta-cresol is the least reactive and ortho-cresol is the most reactive. 10 14
Homogeneous Gas Phaaa Decomposition of
Phenol and Ortho-Cresol-Experimental
results confirm that substantially quantitative
decomposition of phenol and ortho-cresol can be
achieved by homogeneous gas phase reaction
above 900° and 825° C, respectively. Data on
the relationship of decomposition to reaction
temperature and vapor residence time for
phenol and ortho-cresol are shown in Figures 6
and 7, respectively. As anticipated, experimental results show that decomposition depends
strongly on reaction temperature and vapor
residence time. Greatest increases in phenol
decomposition occur at temperatures between
750° and 900° C. In contrast, similar increases
occur for ortho-cresol decomposition between
less than 600° and 825° C, suggesting increased
reactivity of ortho-cresol relative to phenol.
293

more reactive than phenol under typical gasification temperatures. Considering that orthocresol is no more than twice as reactive as metacresol (i.e., at - 700° C),10 phenol is the least
reactive of the phenols. Most notable is the approximate three order of magnitude rate enhancement for decomposition of phenol over
fixed beds of lignite char.

Observed decomposition rates are independent
of hydrogen partial pressure for phenol. The effects of changing hydrogen partial pressure on
ortho-cresol decomposition were not investigated.

Heterogeneous Decomposition of PhenolExperimental results indicate significantly
different behavior for lignite char and limebearing acceptor solids (see Figure 8). Substantially complete decomposition of phenol occurs
for reaction over fixed beds of lignite char from
the Synthane PDU at temperatures as low as
600° C in less than 2 s. Greatest increases in
phenol decomposition occur between 400° and
600° C. In contrast, decomposition of phenol
over fixed beds of lime-bearing acceptor is only
slightly higher than that observed during homogeneous gas phase reaction at the same temperature. Only 11 percent decomposition occurs at
a temperature where complete decomposition
occurs in the presence of lignite char. It is expected that the high surface area of the lignite
char (i.e., - 360 m2/gm), as opposed to that for
the lime-bearing acceptor (i.e., - 1 m2/gm),
is responsible for providing the potential for a
catalytically enhanced reaction.

Effect of Reaction Atmosphere on the
Decomposition Pathway of PhenolaTwo distinct characteristics of phenolic com- ·
pound reaction products were demonstrated
throughout the course of bench-scale experimentation:
• No dehydroxylation products 6.e., benzene
or toluene) were ever detected in more than
trace quantities during either phel)ol or ortho-cresol decomposition experiments, and
• Substantial quantities of heavy hydrocarbon
tars were formed only in the absence of hydrogen during these experiments.
The first result was not surprising considering
the excessive amounts of water present in the
reacting system (i.e., fully 1000:1 on a molar
basis) relative to the phenols. Excessive quantities of water essentially act to stabilize the
phenolic hydroxyl to dehydroxylation reactions.2111 The presence of hydrogen in the reacting atmosphere acts to prevent repolymerization of free radicals formed during the decomposition reactions. In this particular instance,
amounts of hydrogen relative to phenols were
fully 300:1 on a molar basis.
Results of this experimental program, combined with previously demonstrated decomposition characteristics of higher phenols (i.e., cresols and xylenols), define a precise reaction
pathway for decomposition of phenols in coal
gasification:
• Methyl-phenols formed from coal undergo
successive dealkylation to the next lowest
phenolic compound until phenol is produced.
Phenol decomposes via pathways similar to
those for unsubstituted aromatic hydrocarbons.20
• Minimal amounts of heavy hydrocarbon tars
are formed.
The unique atmosphere present in coai gasification processes is primarily responsible for
determining p~enolic compound decomposition
characteristics. Quantities of hydrogen and
steam present in reaction gases are fully hun-

Relative Reactivity of Phenol and OrthoCresol-Based on the demonstrated independence of phenol decomposition on hydrogen
partial pressure, first-order kinetics of phenol
decomposition were developed similar to that
for decomposition of unsubstituted aromatic
hydrocarbons,., The rate-controlling step in the
reaction sequence was the initial thermal decomposition of the aromatic ring. First-order
rate constants for both homogeneous and heterogeneous decomposition were plotted individually as a function of reciprocal absolute temperature. Arrhenius parameters were calculated
by a least-squares linear fit of the first-order
rate constants. Ortho-cresol data were similarly
treated, as the reaction appears first order for
large relative molar ratios of hydrogen to orthocresol (i.e., fully 300:1 in these experiments). 10
Analysis results are summarized in Table 5.
Arrhenius parameters summarized in Table 5
are used ·to determine reactivities of ortho-cresol relative to phenol during homogeneous decomposition and those for phenol, heterogeneous relative to homogeneous decomposition. As
shown in Table 6, ortho-cresol is 4 to 15 times
294
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TABLE 5. SUMMARY OF PHENOL AND ORTHO-CRESOL FIRST-ORDER
DECOMPOSITION KINETIC PARAMETERS

Frequency
Factor, ln A

Reaction

Activation Energy,
kcal/gmole

Coefficient of
Determination, r2

Homogeneous(a)
Phenol (25)

16.5

39.1

0.96

Homogeneous
Ortho-Cresol (9)

11. 0

23.2

0.97

Heterogeneous
Phenol (4)

19.8

31. 9

0.997

(a)

Number of data points.

TABLE 6. COMPARATIVE RATE CONSTANTS FOR PHENOL AND
ORTHO-CRESOL DECOMPOSITION

Phenol
khetero /k homo

Homo&eneous
k
/k
o-cresol phenol

600

1840

40

700

1200

15

800

840

7

900

630

4

Temperature, oC

dreds of times higher (as high as 1,000:1 for
steam) on a molar basis.

from coal, primarily as single aromatic ring
species. The fot-mation of phenols is not expected to alter significantly as a result of different processing concepts. Similarly, coal
type (at least among those currently utilized) should not affect formation characteri.Stics to a major extent.
• Decomposition: Thermal and/or catalytic
cracking phenomena controls production
characteristics of phenols. Sequential decomposition of phenols occurs by dealkylation through lower homologues to phenol,
which decomposes to primarily gaseous
species. The rate of decomposition of phenols is significantly enhanced by the presence of char solids. The rate-limiting step in
the reaction sequence is the final decomposition of the compound phenol.

Pathway to the Production of Phenols
During Coal Gasification

Production of phenols during coal gasification is
a complex function of gasifier configuration,
reaction conditions, and probably the chemistry
of the coal processed. The pattern underlying
production of these effluents includes initial
formation followed by subsequent decomposition within the gasification environment. The
primary pathway explaining production of phenols during coal gasification is illustrated in
Figure 9 and consists of:
• Formation: Phenols are formed inherently
298
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IMPLICATIONS AND FUTURE WORK
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investigation, which effectively defines the decomposition characteristics of phenols under
typical gasification conditions. The studies, combined with previous work in the literature, provide a stepping stone for launching a variety of
additional experimental investigations. However, the following issues must be resolved:
• The effects of variations in process gas
steam content must be addressed. The demonstrated role of steam in delineating a specific decomposition pathway for phenols
should be evaluated at lower steam-to-phenol molar ratios.
• The relative effects of amount and type of
solid surface in enhancing phenol decomposition rates need to be addressed. The source
of catalytic activity on the char surface in
addition to definition of precise modes of
gas-solid mixing during gasification need to
be defined.
Implications of strategy and quantitative experimentation performed in this work have significant impact upon the assessment and design
of coal conversion technology. From these
studies, it is evident that experimental determination of effluent production characteristics
at a single experimental scale is inadequate. A
particular scale of development provides either
too little information (i.e., an incomplete characterization) or behavior that is too highly
coupled to measure without resorting to complex sampling techniques. Judicious choice of
experiments across a range of process scales
can provide the information necessary to synthesize quantitative effluent production patterns amenable to process scaleup.
Quantitatively, the demonstrated sensitivity
of hydrocarbon effluent production (including
phenols) to changes in processing conditions
provides an alternative to the conventional
strategy of post-gasification effluent treatment.
Relationships previously developed, along with
those developed in the course of these studies,
can be used to control production of undesirable
hydrocarbon effluents. This strategy can be implemented during process development, on
scaleup to commercial facilities, or for development of generically similar novel processing
technologies.
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PREDICTIONS ON THE DISPOSITION OF SELECT TRACE
CONSTITUENTS IN COAL GASIFICATION PROCESSES
G. L. Anderson, A.H. Hill, and D. K. Fleming•
Institute of Gas Technology, Chicago, Illinois

Abstract

Many factors may affect the formation and
disposition of minor and trace constituents in
coal gasification processes,· e.g., the coal feedstock, the gasification conditions, and the gasprocessing conditions. Adequate knowledge of
the forms and amounts of these constituents
and the controlling factors that dictate their
final disposition would be desirable for the complete design of a full-scale plant. However, the
current data base is weak for some of the more
volatile inorganic trace constituents that may
be gasified with the coaL
In this paper, theoretical projections are made
on the amount and final disposition during coal
gasification of volatile trace constituents
formed from arsenic, boron, lead, selenium, and
mercury present in coals. Note that these predictions are theoretical,· they are intended to provide insight into what might occur in coal gasification processes, to provide direction for future
experimental work for improving the data base
on these constituents, and to indicate areas
where further investigations would prove useful
for the design of full-scale processes.
The results of these studies indicate that high
recoveries of these trace inorganics are to be expected, with 'low discharge to the environment,
in most coal gasification process designs.

be present, emphasis has been on elemental material balances around the primary gasifier and
quench system. For some elements, closing the
material balance is difficult because a significant fraction of the material may be part of the
quenched product gas. In most cases, the quantity of these elements in the quenched product
gas is estimated by difference because these
materials are difficult to analyze. Further, the
analytical techniques often used for trace inorganics are not of high accuracy. Sampling is also
difficult in certain cases because of absorption
or reaction of these volatile materials in the
sample containers. However, knowledge of the
compounds present and their approximate concentrations would simplify some of these analytical problems. Then, through further experimental investigations, knowledge of the disposition of these volatile constituents, which are important both from an environmental viewpoint
and a processing viewpoint, can be increased.
As an indication of what might occur to certain elements in coal during gasification, a
theoretical analysis has been performed on the
formation and disposition of compounds containing arsenic, selenium, boron, lead, and mercury.
These elements were chosen for this study because earlier work had indicated that they were
the most likely elements to be removed from
the coal during gasification. 1 Much of the
theoretical analysis is based on engineering
estimates and should not be taken as hard data.
Rather, this analysis should provide a starting
point for more definitive future investigations.

INTRODUCTION
Certain minor and trace inorganic constituents found in coal undergo chemical transformations during gasification. Some of these reactions produce compounds that are volatile under gasification conditions and leave the gasifier
as part of the raw gasifier product gas:
Present environmental assessment studies
are concerned with the disposition of potentially
toxic substances. However, because of the enormous number of possible substances that may

BEHAVIOR OF THE SELECT
TRACE ELEMENTS UNDER
GASIFICATION CONDITIONS
Processes Analyzed
The major differences between available coal
gasification processes are the- operating condi-

•Speaker.
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tions and the amount and distribution of hydr~
carbons produced. Gasification processes operate under reducing conditions, and the major
constituents produced, other than hydrocarbons, are H2, CO, C02, H~. H~. and NH3. In
this study the transformations that the select
elements may undergo were jnvestigated as influenced by the operating conditions of three
gasification processes. The three processes
selected were the Koppers-Totzek process, the
Lurgi process, and the Hygas® SNG process
with steam-oxygen. Brief descriptions of these
processes follow.

· cent of the. feed carbon reacts to form methane
and ethane rather than carbon oxides. Approxima~ly 1.2 percent of the feed carbon results in
tar, fatty acids, phenols, and BTX production.

Hygaa ProceuThe Hygas process uses three separate reaction stages for gasifying coal. A diagram of the
gasifier is shown in Figure 8. Coal is fed to the
gasifier as a slurry made with either aromatic
oil or water. The oil or water is vaporized in a
fluidized bed (the slurry dryer) in the top of the
gasifier using beat available in the product gas
from the top reaction stage. The dried coal is
then gravity fed to the first stage, entrained,
and reacted in a low-temperature reactor stage
(LTR) with product gas from the lower sections
of the reactor. The operating temperature for
this section of the gasifier is usually between
920 and 1,060 K. The reacted coal from the first
stage is then disengaged from the gases and
gravity fed to the nuidized-bed second-stage hydrogasifier (the high-temperature reactor),
where it is reacted with product gas from the
lowest stage of the gasifier at temperatures between 1,080 and i,170 K. Finally, the reacted
coal from the second stage is gravity fed to the
lowest stage of the gasifier, the SOG (steamoxygen gasifier), where the remaining carbon in
the coal is reacted with bigb-preuure steam and
oxygen at temperatures between 1,170 and
1,280 K. The normal operating pressure of the
Hygas process is 69 to 100 atm. A typical raw
product gas from this gasification process is
shown in Table 1. In this proceu, methane and
ethane account for 'I:/ percent of the feed carbon, while 8 percent or le11 of the feed carbon
produces BTX and phenol with minimal production of tars and fatty acids.

Koppers-Totzek ProceaaIn this process, pulverized coal is reacted at
low pressure and high temperatures ( > 1,800 K)
with steam and oxygen in an entrained bed with
cocurrent gas/solids contacting. A simplified
diagram of the gasifier is shown in Figure 1. The
high gasification temperature assures nearly
complete gasification of the carbon in the feed
coal. Approximately 50 percent of the ash in the
coal flows down the gasifier walls as molten slag
and drains into a slag quench tank. The remainder of the ash leaves the gasifier as fine particles entrained in the exit gas. These particles
are solidified at the gasifier exit by water
sprays and are subsequently separated from the
scrubber water and disposed of with the solidified slag.
The high operating temperature and low operating pressure of this process produce a raw
product gas from the gasifier primarily comprised of H2, CO, C02, and steam with minimal
amounts of hydrocarbons and tars. A typical
product gas is shown in Table 1.

Lurgl ProceaaThe Lurgi process employs a gravitating bed
of coal with continuous countercurrent gas flow,
as shown in Figure 2. Coal is fed intermittently
to the top of the reactor through pressurized
lockhoppers, while oxygen and steam are mixed
and fed into the bottom of the gravitating coal
bed. Gas temperature ranges from 590 K at the
top of the gasifier to 1,260 K at the bottom of
the gasifier. Normal operating pressures are 20
to 32 atm, and coal residence time is approximately an hour. Typical raw product gas from
the gasifier is shown in Table 1. The major difference in the product gas from that of the
Koppers-Totzek process is that roughly 19 per-

Trace Element Chemistry
During Gallflcatlon
With the background above, the analysis of
the transformations that arsenic-, selenium-,
boron-, lead-, and mercury-containing compounds might undergo during gasification
follows.
Araenlc ChemlatryArsenie concentrations in U.S. coals range
from 0.5 ppm to 98 ppm, with an average of 1'
ppm. The major form of arsenic in coal was
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Figure 1. Koppers·Totzek gasifier.

TABLE 1. OPERATING CHARACTERISTICS OF THE KOPPERS-TOTZEK, LURGI, AND
HYGAS STEAM-OXYGEN GASIFIERS USING SUBBITUMINOUS COAL
Koppers-Totzek
Pressure, atm
Temperature,

2-3
K

1800-2000

2

Lurgi

3

20-32
590 (top)
1260 (bottom)

HY GAS

69-100
590 (top) 920-1060 (1st stage)
1030-1170 (2nd stage)
1170-1280 (SOG)

Product Gas, mole fraction
0 .0801*

0.4659

0.4265T

H2

o. 3039

0.2172

0.1500

co

0.5428

0.0800

0.0843

0.0651

0.1638

0 .1950

0.0052

0.0005

0.0003

0.0591

0.1248

c2-c5

0.0045

0.0064

BTX

0.0023

0.0068

H 0
2

co
N2
CH

2
4

HS
2

0.0026

0. 0026

0.0023

cos

0.0002

0.0002

0.0001

NH3

0.00003

0 .0032

0.0034

HCN

0.00002

0.000002

0.00006

HCl

0.0001

0.00002

0.00002

0.0004

0.0005

c u oH
6 5
Tar

0 .1660 g/ g-mol
0.0167 g/g-mol

Fatty Acids
g-mol/g-coal

*

t

0.0778

0.1165

Product gas does not include water added from water sprays.
Product gas does not include oil or water used for slurrying coal.

4

0.0969
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Figure 2. Lurgi pressure gasifier.
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Figure 3. Hygas gasifier with steam/02 gasification.
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TABLE 2. FREE ENERGIES OF FORMATION OF ARSENIC-CONTAINING
COMPOUNDS, kcal/mole

Basis:

Elements in Their Standard State at Temperature of Interest

Compound

Temperature
800 K
1000 K

600 K

+ 28.93
+ 10.0

+ 21.48
+ 3.0

1200 K

+ 14.23

+ 7.18

30.6
- 14.61

- 27.46

4.1
- 24.20

11. 2
- 20.94

- 16.03

- 17.45

- 18.87

9.24

- 10. 92

- 12.60

- 14.28

9.90

- 11. 50

- 14.10

- 16.70

orpiment) - 33.26
2 3
As s * (low orpiment)
- 33.24
2 3

- 21. 38

9.50

2.38

- 21. 32

9.40

2.52

- 23.50

- 15. 30

7.10

1.10

+ 17.88

+ 19.52

+ 21. so

+ 23.50

- 116.8

- 111.5

- 106.0

- 100.6

As")0 1 (s)

- 119.0

- 106.8

94.8

82.3

2 3
FeS

- 119.5

- 110.2

- 101. l

28.7

26.2

92.0
21.8

As (g)
2
As (g)
4
FeAsS *
FeAs *(loellingate)
2
FeAs *
Fe 2As *
As s ~(high

As S *(low realgar)
2 2
AsH (g)
3
As 2o3 (g)

.. As o (1)

23.75

*Barton9
deduced by Duck and Himus as arsenopyrite.6
Under gasification conditions when temperatures exceed 820 K, arsenopyrite begins to
decompose into pyrrhotite (FeS) and metallic
arsenic.
FeAsS(s) > 820 K FeS(s) + As(s).

associated with these measurements. Barton's
data, along with other available thermodynamic
data, are given in Table 2.
Once arsenopyrite decomposes into pyrrhotite and metallic arseqic, the metallic arsenic
can theoretically vaporize as As4 from the coal.
However, this does not-apparently-occur.
The trace element data from the Hygas process
indicate that arsenic loss from the coal does not
occur until the coal reaches the SOG stage of the
reactor where the temperature ranges from
1,170 to 1,280 K. 10 Therefore, either the arsenopyrite is embedded in the coal-ash matrix and
volatilization is diffusion controlled, or the arsenopyrite is so highly dispersed that formation
of As4 is limited and volatilization occurs by
means of A52 or As, which have lower vapor

(1)

At temperatures greater than 1,025 K, the decomposition proceeds rapidly. This decomposition has been observed in laboratory studies by
many investigators including Zhuchkov,1
Zviadaze et al.,7 and Lukesh.8 This observation
is not totally consistent with thermodynamic
data on the iron-arsenic-sulfur system measured
by Barton• but is within the experimental error
309

from the Hygas pilot plant, 50 percent of the
arsenic in the feed coal is assumed to be
volatilized in the Hygas and Lurgi processes,
whereas 100 percent is expected to be volatilized in the Koppers-Totzek process because of
the high-temperature, single-stage operating
mode. It is evident that operation at moderate
temperatures, high pressures, and high arsenic
concentrations increases the amount of arsine.
Operation at high temperatures and low pressures favors the formation of elemental arsenic
with negligible amounts of arsine formation.
Verification' of these predictions is not yet
possible; the search for the presence of arsine in
operating coal gasification plants is not known
to have been performed. As discussed later, experimental investigation of the amount of arsine
formation should be of considerable importance.

pressures.
Assuming elemental arsenic volatilization
does not occur until temperatures in e:iccess of
1,170 K are reached, the volatilized elemental
arsenic must travel through the gasifier. At
these conditions, the stable forms for arsenic
are As 4, AsH3 (arsine), and As2• The question
that arises is: How fast wijl elemental arsenic
react with available hydrogen to form AsHs?
The normal preparation of AsH3 is by reaction
of AIAs or Na3As with water 11 or from a mixture of NaBH4 and AsC13 in water at pH 8 to
pH 10 and 5° to 40° C. 12 No data are reported on
the production of AsH3 from arsenic and H2
because this route would provide extremely
small yields of AsH 3 at temperatures where the
kinetics would be favorable.
To estimate the rate at which arsine is produced from elemental arsenic and hydrogen, the
gas phase arsine decomposition kinetics studied
by Kedyarkin and Zorin 13 were combined with
the free energy of formation of arsine from As4
and H2 using the law of microscopic reversibility to derive an expression for the forward reaction of:

Selenium ChemlatrySimilar to arsenic, selenium may be initially
present in coals as selenopyrite, FeSeS. Selenium concentrations in U.S. coals range from a
minimum of 0.45 ppm to a maximum of 7.7 ppm,
with an average of about 2.25 ppm. In moderate
temperature gasification processes such as
Hygas and Lurgi, between 30 percent and 70
percent of the selenium is volatilized from the
coal. Based on evidence from the Hygas pilot
plant, most of this gasification occurs in the hottest section of the gasifier. 10 In the hightemperature Koppers-Totzek process, no information on percent selenium loss is available, but
quantitative volatilization is expected.
The mechanism for volatilization of selenium
from the coal is postulated as either decomposition of FeSeS to FeS and Se(g) or reaction of H2
with FeSeS to produce H2Se and FeS. This ap·
proach, lacking kinetic data, assumes initial
FeSeS decomposes, liberating Sea(g). Then the
Se2 can react with H2 to form H2Se, which is the
thermodynamically preferred form.
Estimation of the kinetics of forming H2Se
from Se2 and H2 was based on the following
mechanism:

d[AsH3] - 5.22 x 107
dt

exp ( - 54,610/RT~Asi''lHaJ812 •

(2)

Concentrations are in atmospheres and time is
in seconds. Based on this equation, equilibrium
control occurs when temperatures are greater
than 900 K.
Because of the rapid cooldown of the product
gases in the lower temperature zones of the Hygas and Lurgi reactors, the arsine-arsenichydrogen reaction is assumed to be frozen at an
equilibrium temperature of 900 K. In the Koppers-Totzek process, the reaction is assumed to
be frozen at 1,800 K because of rapid cooldown
of the gases with the water sprays. However, if
quench of the Koppers-Totzek gases is not instantaneous, small amounts of arsine may be
formed.•
The predicted distribution of elemental arsenic and arsine in the raw product gases from
these three processes is shown in Table 3 for
three different arsenic levels. Based upon data

Se2 + H HSe + H2 -

HSe + Se.
H2Se + H.

(3)
(4)

Reaction 4 is the reverse mechanism for the initial step of H2Se decomposition, which has been
determined to decompose according to the following rate expression:14

•This effect would be more pronounced in Texaco or
Shell gasifiers, which operate in a mode similar to a
Koppers-Totzek gasifier but at higher pressure.
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TABLE 3. PREDICTED ARSENIC DISTRIBUTION IN GASIFIER RAW PRODUCT GAS

Process
Equilibrium Temp.,

HY GAS
K

H Partial Pressure, atm
2
Wet Raw Gas Production, g-mol/g-coal

Lurgi

Koppers-Totzek

900

900

12.05

4.43

0.62

0.0969

0.1165

0.0778

Estimated Arsenic Volatilization, %

50

1800

50

100

At Maximum Arsenic Concentration
in Feed Coal (93 ppm)
4. 79
1.48

x 10-7
x 10- 6

4,96 x 10,...g

2.86
1. 26

x
x

10- 7
lo- 6

9.00 x lo,.... 9

1.64 x 10- 14
4.20 x io- 10
7,98 x 10-6

At Average Arsenic Concentration
in Feed Coal (14 ppm)
AsH

3

As4
As
2

x

10-7
10- 7

1. 56

x

10- 9

3.20

2.79

x

1. 71

1.77

1. 71

lo,.... 15
12
l010"'" 6

x 10- 7
x 10- 7
x 10- 9

2.47

x

9.56

x

1.20

x

x 10-8
x 10,.... 10
x 10-ll

1. 76

x 10-16
x 10-14
x 10"'"8

At Minimum Arsenic Concentration
in Feed Coal (0.5 ppm)

AsH
As 4
As 2

3

10-8
3 .54 x 10.,... 11
2.48 x 10- 11

3.40

x

2.78
1.13
8. 74

4,88
4.29

- d[H2Se]
dt

Boron ChemistryBoron is present in coal at concentrations between 2 and 224 ppm, with an average of 67
ppm. ·Evidence suggests that most of the boron
is chelated.18 Environmental assessment data
from the Hygas and Lurgi processes indicate
that about 50 percent of this boron is volatilized
during gasification. In the Koppers-Totzek process, quantitative volatilization is anticipated.
Chelated boron, when treated with hydrogen
at high temperatures, produces BH8 • However,
B(OH)3 is the thermodynamically preferred
form in coal gasification environments based on
data in Table 4.
Hydrolysis of the borane produced should occur. The hydrolysis of diborane ~H6 to boric
acid and hydrogen has been used for quantitative analysis of diborane in gas mixtures. The
mechanism suggested for this reaction is given
by:18

= 8.8 x 1013

exp ( -1500/RTl[H 2SefH].

(5)

Concentrations are in moles per liter and the
units of time are seconds.
Assuming microscopic reversibility, the forward rate of Reaction 4 is given by:
-d[HSe]
14
- - - - 2.4 x 10
dt
exp ( - 26,792/RTl[HSefH2J.

(6)

The forward reaction given by Equation 3 can
be estimated using available correlations for abstraction reactions. 111 The rate of reaction of Se2
with H is given approximately by:
-d[Se 2]
13
dt
exp ( - 8118/RT)(Se2JHJ.
- 10

(7)

Assuming the concentration of atomic hydrogen
at these conditions is always in equilibrium with
the amount of H2 present, Equation 7 can be
written as:
-d[Se2]
dt

- 1.11 x 1016
1
exp ( - 61,612/RT)(Se2JH2) rz.

=
=
=82·
¥

BH3 + H 20

(8)

BH3 • 820 -

(9)

BH20H +

82·

(10)

B820H + H 20
BH20H • 820
- BH(OH)2 +

(11)

BH(OH>2 + H20
BH(0H)2 • ~O
-B(OHl2 + ~·

(12)

==

At temperature less than 2,000 K, Reaction 4 is
much faster than Reaction 3, indicating that
Reaction 3 is rate controlling. If the expression
is correct, equilibrium control occurs at temperatures greater than 900 K. Assuming 900 K
equilibrium control in the Hygas and Lurgi
processes and 1,800 K in the Koppers-Totzek
process, the selenium present in the raw product gas is almost exclusively H2Se.

2BH3•

6

.

The rate-controlling step is believed to be the
initial attack of H20 on BH8• The kinetics of this
reaction have been deduced to be:
d{BH20H]

dt

5

- 1.9 x 10

exp ( - 6000/RTl[BHaIH20],

(13)

where concentrations are given in moles per

TABLE 4. FREE ENERGIES OF FORMATION17 OF BORON-CONTAINING COMPOUNDS;
COMPOUNDS, kcal/mole

Temeerature
Compound

BH (g)
3
B2H6(g)
BH CO(g)
3
B(OH) (g)
3
B(g)

600 .K

900 K

1200 K

1800 K

28.06

30.33

32.95

38.64

35.50

50.13

65.02

94.67

-16.01

-8.206

o. 8710

21.87

-205.6

-118. 7

-171. 5

-136.8

111.5

100.7

90.0

68 .88
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liter and time is expressed in seconds.
Therefore, rapid attainment of equilibrium is
assured at all temperatures in a gasification
process with quantitative production of B(OH)8•

the Lurgi process, the product gas from the hotter sections of the gasifier is eventually cooled
down to temperatures of 600 K by the raw feed
coal. At this temperature, the vapor pressures
of lead-containing compounds are significantly
reduced. The anticipated concentration of
gaseous lead compounds in the raw product gas
from the Lurgi and Hygas processes is shown in
Table 6. This loss represents parts-per-trillion
levels of equivalent lead in the feed coal.
The Koppers-Totzek process, which operates
at 1,800 K, is expected to volatilize all the lead
present in the feed coal but, again, these will be
solidified during quench by the water sprays.
The only difference postulated between the
Koppers-Totzek and the Hygas and Lurgi processes is that the volatilized lead will be Pb and
PbS rather than PbC12•

Lead ChemistryLead in coal is generally believed to exist initially as PbS, with an average lead concentration of 39.2 ppm. Environmental assessment
data on lead losses from coal during gasification
indicate conflicting results. Minimal loss of lead
is reported in Lurgi operations and Hygas pilotplant operations. However, in Hygas POU studies, between 30 percent and 60 percent of the
lead contained in the coal was volatilized. This
disparity is because of the single-stage hightemperature conditions used in the POU studies. At these temperatures, the vapor pressures
of many lead-containing compounds are appreciable, leading to loss from the feed coal. The
free energies of formation for a number of lead
species at 600 K, 1,200 K, and 1,800 K are shown
in Table 5. At 1,200 Kin a coal gasification environment, the vapor pressure of PbS is the
largest of the lead-containing compounds at
8.83 x 10- 1 atm. If this vapor pressure were
achieved in the Hygas PDU studies, quantitative loss of the lead from the coal would occur.
However, in an integrated Hygas process and in

Mercury Chemistry
The average concentration of mercury in coal
is 0.2 ppm. The range of concentrations is 0.02
ppm to 1.60 ppm. At the high temperatures employed in coal gasifiers, quantitative loss from

the coal is expected. Thermodynamic calculations have been used to estimate the probable
chemical form of mercury in a coal gasification
environment, because the initial form and kinet-

TABLE 5. FREE ENERGIES OF FORMATION OF LEAD-CONTAINING COMPOUNDS,17
kcal/mole

TemEerature
1200 K

600 K

1800 K

PbS (g)

10.00

0.29

-9.423

PbS (s)

-22.23

-12.89

-3.556

(s)

-126.07

-91. 73

-57.40

PbC1 2 (s)

-64.86

-51.18

-37.50

PbC1

-48.24

-50.62

-52. 96

PbC0

3

2

(g)

PbO (g)
PbO (s)
Pb

(g)

-0.82

6.634
-37.94

-24.06

31.10

17.93
313

-8.266
-10.17
4.768

TABLE 6. LEAD CONCENTRATIONS IN COAL GASIFICATION RAW PRODUCT GASES

Lurgi
PbS
PbC1

2

HY GAS
g-mol/g-mol product gas
10- 14

8.13

x 10-14

2.05

x

1.11

x
x
x
x

2.46

x 10-ll

7.65
1.42

x 10- 26
x 10-16

2.46

x

PbO

2.81

Pb

6.94

Total

1.11

10-11
25
l016
1010- 11

10-ll

disposition of these compounds in downstream
processes. A typical gas-processing scheme for
a coal gasification plant to produce substitute
natural gas (SNG) is shown in Figure 4.
The first step is a cooling of the raw product
gas to about 300 K using waste heat recovery,
air cooling, and, finally, water cooling. Equilibrium between gas and liquids is usually
·assumed. In this system excess steam; condensible impurities such as oil and tar; and soluble
impurities such as phenol, ammonia, hydrochloric acid, and thiocyanate are removed at
pressure.
The product gases then enter a selective HtS
acid-gas removal section where 99 percent of
the HtS and part of the C02 are removed.
Regeneration of the solvent in this system produces an acid-gas stream containing about 15
percent H:aS, with the balance primarily C02 •
After H:aS removal, the remainder of the C02
is removed in a second acid-gas removal section.
The product gas, now free of acid gas and oil, is

ics of transforming mercury from one form to
another are not known. Mercury species included in the calculations were Hg(g), HgS(g),
HgH(g), HgC~g) and HgF2(g). The thermodynamically preferred form in the presence of the
gas is Hg(g).
Based on this assumption, the quantity of
mercury in the raw gasifier product gas from
the Hygas, Lurgi, and Koppers-Totzek processes is shown in Table 7. Mercury concentrations assumed in the feed coal were 0.02, 0.2,
and 1.6 ppm.

EFFECT OF OAS
PROCESSING ON TRACE
ELEMENT DISPOSITION

The Purlflcatlon Sy1tem
Estimates of the quantities and chemical
forms of the trace elements in the psifier raw
product gas permit projections on the final

TABLE 7. MERCURY CONCENTRATIONS IN RAW GASIFIER PRODUCT GASES

Mercury in
Feed Coal, ppm

Process
Lurgi

HY GAS

Koppers-Totzek

- - - - - g-mol/g-mol raw product gas - - - - - - -

0.02

1.03

0.2

1.03

x 10- 9
x 10- 8

1.6

8.23

x 10- 8
314

x 10-10

1.28

x 10- 9

9
8.55 x 10-

1.28

x 10- 8

8
6.84 x 10-

1.03

x 10- 1

8.55

COAL

GASIFIER

HzS
REMOVAL

QUENCH
OIL

TO·C0

2

REMOVAL

DISSOLVED
GASES

OIL
DEPRESSURIZATION

ASH

CLAUS PLANT
BY PRODUCT
OIL
WASTEWATER
TREATMENT

FROM H2S
REMOVAL

COz (I)
REMOVAL

COMBINED SHIFT
AND METHANATION

SULFUR

QUENCH

C02 (II)
REMOVAL

Figure 4. Typical gas producing configuration for producing SNG.

TAIL GAS

GLYCOL
COOLER

SNG

Hygas, and Koppers-Totzek proce11e1 are
shown in Table 8. Quenching the gases from
these processes should quantitatively remove
the As,, As2, B(OH)3, PbS, PbC12, PbO, and Pb
because of vapor pre11ure or solubility considerations.
The elemental arsenic will exist as suspended
solids, probably condensed on coal fines from
the gasifier, in the excess condensate. The lead
compounds will also be present as suspended
solids because the presence of dissolved Ha$ in
the water will suppress the solubility of these
compounds. These materials will, therefore, be
removed from the process with the other suspended solids in the excess condensate, as it is
purified .for recycle.
·
The boric acid will dissolve in the excess condensate and report to the sour water treatment

heated to temperatures greater than 500 K and
enteri a catalytic proce11ing section where a
combination of the water gas shift reaction and
methanation reaction occurs producing a gas
containing only CH4, C02, and H~, with
residual amounts of H2 and CO. The water is
removed by cooling and the C02 is removed in a
final acid-gas removal section. Moisture in the
product SNG is then removed by a glycol cooler,
and the SNG is sent to the pipeline for distribution.

Effects In Quench
Assuming a coal feed with average concentrations of As, Pb, B, Se, and Hg, the chemic~} form
and estimated quantities of these elements in
the raw gasifier product gas for the Lurgi,

TABLE 8. FORM AND DISTRIBUTION OF SELECT TRACE ELEMENTS
.
IN RAW GASIFIER PRODUCT GAS
.

Process
Operating Pressure, atm

Lurgi

HYGAS

Koppers-Totzek

20

80

2

_ _,_____ g-mol/g-mol raw product g a s - - - - -

B{OH)

PbS
PbC1

2

3

1. 71

x 10- 1

2. 79

x to- 7

2.47

x io- 15

1. 56

x 10-1

L 11

x io- 7

9.56

x 10-12

3.20 x 10- 9

l, 77

x

10"'" 9

1. 20

x 10-6

x 10- 1

1. 36

x 10- 1

1.13X10- 7

3. 68

4. 88

x 10- 5

2.43Xl0- 5

7 .92 x 10-s

8.13

x 10- 14

2.05

x 10- 14

7.62

x 10- 1

1.11

x 10- 11

2. 46

x 10- 11

1. 30

x 10- 12

7.65 Xl0- 26

2. 31

x 10- 9

PbO

2.81 Xl0- 25

Pb

6.94

x 10- 16

1. 42

x 10- 16

1.67

x 10- 6

Hg

8.55

x 10- 9

1.03

x 10- 8

1. 28

x 10- 8
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section of the plant. The boron content in the
sour water stream is computed to be 84 ppm for
the Hygas process, 63 ppm for the Lurgi process, and 590 ppm for the Koppers-Totzek process. These values ·compare favorably with experimental values obtained in a survey analysis
of potential toxic/inhibitory elements to biological oxidation of a Hygas pilot-plant sour
water.19 The boric acid will be re.moved from the
water in the system that removes other soluble
salts.
The amount of arsine in the quenched raw
product gas is expected to be unaffected by the
quench system. Arsine solubility in water is
negligible. The solubility of AsH8 in H20 at
800 K and atmosphere partial pre11ure is
1.787 x 10-• g-mol/g-mol H20. Therefore, the
fraction of AsH8 that may dissolve in the condensate derived from quenching the raw product gases is 1.08 percent for the Hygas process,
0.81 percent for the Lurgi process, and 0.004
percent for the Koppers-Totzek proce111. The
resultant concentrations of arsine in the exceas
condensates will be on the order of 1 ppb, several orders of magnitude below current environmental standards, even before water treatment
for recycle.
In the Hygas and Lurgi proce111es, a significant quantity of aromatic oil is also recovered
during quench. The fraction of AsH8 that may
dissolve in this oil is estimated at 4.10 percent
for the Hygas process and 0.81 percent for the
Lurgi process. However, depresaurization of
this oil will liberate most of the AsH8• These
liberated gases, because of their quantity, will
be recompressed and returned to the quenched
raw product gas.
Hydrogen selenide removal in the quench system is also expected to be negligible. The solubility of H2Se in water is slightly less than that
of HzS. The Henry's constant for HzSe in water
is 968.76 atm at 800 K.00 Therefore, the predicted concentrations of H2Se in the excess condensate are 0.07 ppm for the Hygas process,
0.02 ppm for the Lurgi process, and 0.002 ppm
for the Koppers-Totzek process. These values
are also well below proposed environmental
standards for discharge, even before treatment.
In the Hygas and Lurgi processes, about 7
percent and 0.6 percent of the H2Se will initially
be dissolved in the product oil. However, as
with AsH8, depressurization will flash the HzSe.
The HzSe will, therefore, be returned to the

quenched raw product gas.
The quench system will not remove much of
the mercury in the raw product gas. After condensation of steam and oil from the product
gases, the partial pressure of Hg in all these
processes is below its vapor pressure of 8.4 x
10-6 atm at 800 K. To estimate the solubility of
mercury in the excess condensate, it is assumed
that its solubility was proportional to its partial
pressure with a value of 0.25 mg/L at 8.4 x 10- 8
atm, which is the solubility of metallic mercury
in water at 800 K. Based on this assumption, the
amount of Hg removed from the raw product
gas by the excess condensate is 4 percent for
the Hygas process, 1.1 percent for the Lurgi
process, and 0.01 percent for the KoppersTotzek process. The resultant concentration of
Hg in this condensate is 0.011 ppmw for the
Hygas process, 0.0028 ppmw for the Lurgi process, and 0.0002 ppmw for the Koppers-Totzek
process.
Solubility of mercury in the condensible oil
fractions of the Hygas and Lurgi processes is
not known. Because of the recompression of
flashed gases from this oil, it is assumed to be
negligible.
In summary, the compounds under consideration that remain in the product gas after quench
are AsH8, HzSe, and Hg. The projected amounts
remaining are shown in Table 9.

Effects During Sulfur Removal
The next process these gases encounter in
the typical gas processing scheme is the selective H~ removal system. For high-pressure
processes such as Hygas and Lurgi, a physical·
type solvent would probably be used because of
lower costs. For low-pressure processes such as
Koppers-Totzek, a chemical-type solvent would
be used. However, the Koppers-Totzek system
might also use a physical solvent, if the gas is to
be compressed for delivery, and the chemical
system might, on occasion, be used with the
other gasifiers. The analysis below is based on
the most likely acid-gas removal system to be
used. Also, for completeness, an analysis is performed on the use of a chemical acid-gas removal system with a high-pressure process.
In the physical solvent systems, solubility
data on these species are unavailable: however,
nearly quantitative removal of AsH8 and HzSe
is expected. This assumption is based on the
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TABLE 9. FORM AND DISTRIBUTION OF SELECT TRACE ELEMENTS
IN QUENCHED GASIFIER PRODUCT GAS

Process

Operating Pressure, atm

20
~~-

H Se
2

2.50

Hg

1.58

x

3

3.19

Koppere-Totzek

80

2

g-mol/g-mol quenched product gas

x 10- 1
x 10- 7

AsH

HY GAS

~~--~-

4.81

x 10- 1

2.68 x 10- 15

1. 85

x 10- 7

4.00 x 10- 7

10- 8

1. 72

x 10- 8

1,38

x

10- 8

pounds.
The resulting distribution of arsine, hydrogen
selenide, and mercury for these processes is
shown in Table 10. This distribution is based on
the assumption that the H2S selective removal
system is designed to produce an H 2S-rich acidgas stream containing 15 percent H2S.
The H2S-rich acid-gas stream is then assumed
to go to a Claus process for production of
elemental sulfur. Although minimal process
problems are anticipated because of the
presence of these trace constituents, contamination of the byproduct elemental sulfur may occur. The typical levels of selenium and arsenic in
industrial grade sulfur are less than 2 ppm and
less than 0.25 ppm, respectively. The arsine and
hydrogen selenide in the feed should convert to
arsenious oxide and elemental selenium in the
combustion zone of the Claus plant. These forms
will precipitate with the elemental sulfur. Based
on the predicted concentrations of these
elements in the H2S-rich acid-gas, the concentrations of arsenic and selenium in the product
sulfur will range from 0 to 280 ppm by weight
and 113 to 348 ppm by weight, respectively. The
presence of elemental sulfur and H2S in the
combustion and catalytic zones of the plant
should convert the mercury to HgS if minimal
H2 is present. The anticipated range of the mercury content of the product sulfur is 0.006 to 20
ppm.
This contamination could render the product
sulfur unfit for many industrial applications.
However, most sulfur is used for sulfuric acid
production for fertilizer. Sulfuric acid manufac-

lower vapor pressures of AsH3 and H2Se relative to H2S; this indicates AsH3 and H~e
should be more soluble in the solvent than H~.
The removal of mercury in physical solvent
systems is more difficult to predict because
solubility of Hg in solvents is not given by
Raoult's law. However, these physical solvent
systems operate at temperatures where a significant part of the Hg may condense. The
Selexol process operates at temperatures
around 280 K. The vapor pressure of Hg at this
temperature is -6 x 10-1 atm with 56 percent
condensation of Hg. Condensation of up to 99
percent of the mercury in the Lurgi-Rectisol
quenched gas stream may occur at operating
temperatures of 230 K.
In the Benfield process, which is a chemicaltype solvent system that might be used with the
Koppers-Totzek process, the normal operating
temperature is 390 K. The removal of arsine
predicted from its solubility in water is negligible. Removal of mercury is also negligible because of the high temperature and low partial
pressure of Hg (-2.36 x 10- 8 atm). However,
quantitative removal of H2Se is expected. The
pKa of H2Se is 4. The pKa of H2S is 7. Therefore,
dissociation of H~e into H + and HSe - in a
chemical-type solvent is greater than that of
H2S.
Similarly, if the Benfield process were used in
a Hygas plant, hydrogen selenide would be
nearly quantitatively removed. Arsine and mercury removal will be slightly larger than that
predicted in the Koppers-Totzek process because of higher partial pressures for these com-
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TABLE 10. PROJECTED ARSINE. HYDROGEN SELENIDE. AND MERCURY LEVELS
IN H2S-FREE PRODUCT-GAS STREAM. H2S-RICH
•
ACID-GAS STREAM. AND PRODUCT SULFUR

Gasification Process
Acid-Gas Process

Lurgi

HYGAS

Koppers-Totzek

HYGAS

Rectisol

Selexol

Benfield

Benfield

n2 s-Free
3

<

o. 003

<

0.005

H Se
2

<

0.002

<

0.002

AsH

0.00016

Hg

0.0078

~

0.49

Neg
<

0.004
0.014

<

0.002
0.017

H S-Rich Acid-Gas, ppmv
2

co

....
'°

Product Gas, ppmv

AsH

3

10.38

17.97

H se
2

6.47

8. 79

Hg

0.489

0.387

Neg
19.36
0.00014

0.37
8.79
0.00014

Product Sulfur, ppmw
As

162

280

Se

106

144

Hg

*Neg = negligible

20.4

16.15

Neg
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0.006

5.8
144
2.24

µ.g/m 3• The predicted mercury concentration for
both variations of the Hygas process is slightly
above this value at 69 µ.g/m 8 and 79 µ.g/rns.
A major question area lies in the projected arsine levels in the C02 vent-gas stream. The
MEG-MATE value for arsine is 2 µ.g/rns. Note,
however, the current MEG-MATE values have
some interesting conflicts between arsenic and
other hazardous materials. Hydrogen selenide,
mentioned above, has a hazard potential rating
of 30, while AsH8 has a hazard potential of only
25. Yet, the MATE value of H~e is 100 times
greater than that for AsH3•
The projected level of arsine in the C02 ventgas stream for the Lurgi and Hygas processes
ranges from 33 µ.g/ms to 212 µ.g/m 8• It must be
emphasized that these levels are engineering
estimates and contain large uncertainties. The
Selexol and Rectisol processes are probably
capable of removing 99.9 percent of the arsine;
the resulting concentrations in the C02 vent-gas
stream would then be the same magnitude as
the MATE. The value of 212 µ.g/m 8 represents
projections of arsine in the C02 vent-gas stream
from using the Benfield process; this value is
based on arsine solubility in water, but gas solubility in the Benfield solution is known to be
suppressed. All these values should be experimentally derived if possible.

turers do have means of accommodating these
contaminents in new, properly designed plants;
an older plant might not be able to use this material, reducing its byproduct value. The proper
solution, of course, is to manufacture byproduct
acid, rather than elemental sulfur, at the gasification plant. This option not only recovers the
initial sulfur byproduct value but produces a
more valuable byproduct than elemental sulfur.
The predicted concentrations of AsH 3 and
H2Se in the H2S-free product-gas streams from
the Lurgi and Hygas processes are conservatively based on only 99 percent removal for
these compounds in the H2S selective removal
step. Likewise, only 99 percent removal of H2Se
is assumed for the Koppers-Totzek process.
More realistically, more than 99.9 percent removal should be expected.
Effects During Initial C0 2 Removal

These H2S-free product gases then enter the
C02 removal process, which is similar to the
H~ removal process except higher solvent-togas ratios are used. In this step, the residual
AsH3 and H2Se will be removed and be discharged with the C02 vent-gas stream from the
plants. In the Hygas and Lurgi processes, using
Selexol and Rectisol respectively, additional
mercury is removed because the C02 removal
decreases the quantity of gas and, therefore, increases the partial pressure of mercury in the
gas stream. The reduction in gas quantity is
- 25 percent; therefore, - 25 percent of the mercury in H2S-free gas will also be removed to the
C02 vent-gas stream in each process. Minor
removal of mercury is expected in the KoppersTotzek and Hygas processes using a Benfield
acid-gas removal system.
Based on these assumptions, the concentrations of arsine, hydrogen selenide, and mercury
in the H2-S/C02"free product gas streams and
the C02 vent-gas stream are shown in Table 11.
The range of the predicted concentrations of
these components in the C02 vent gas is 0 to 47
µ.g/ms for hydrogen selenide, and 0 to 79 µ.g/ms
for the mercury. The concentration of H~e in
the C02 vent-gas stream from any of the process
schemes is below the multimedia environmental
goal-minimum acute toxity effluent (MEGMATE) value of 200 µ.g/m 3• The predicted mercury concentration for the Lurgi and KoppersTotz~k processes is below its MATE value of 50

Effects in Later Procassas

After the C02 removal process, only mercury
and arsine remain in the product-gas stream. It
is assumed that the combined catalytic water·
gas shift-methanation process does not alter the
amount of mercury in the product gas from this
step. Note, however, that the mercury might
well be absorbed within the pores of this catalyst. The arsine present in the case where a Benfield process is used with the Hygas process is
expected to decompose into elemental arsenic
and hydrogen under these catalytic gas-processing conditions. This is caused by the rapid
reduction in the hydrogen partial pressure
because of methane formation. The elemental
arsenic should be removed from the gas when it
is quenched. The resulting concentrations of
mercury, elemental arsenic, and arsine after
methanation are shown in Table 12.
Next, the C02 produced in the methanation
step is removed. Because the partial pressure of
mercury is increased through the production of
320

TABLE 11. PROJECTED CONCENTRATIONS OF ARSINE, HYDROGEN SELENIDE,
AND MERCURY IN THE H2S/C02·FREE PRODUCT-GAS
AND C02 VENT-GAS STREAMS

Gasification Process
Acid-Gas Process

Lurgi

HY GAS

Koppers-Totzek

HYGAS

Rectisol

Selexol

Benfield

Benfield

H2s/co 2-Free Product-Gas Stream, ppmv
AsH3
H Se
2
Hg

(,.:I

~

Neg *
Neg
0.00016

Neg

Neg

0.694

Neg
0.0078

Neg

Neg

0.015

0.021

co 2 Vent Gas Stream, ppmv
AsH

3
H Se
2
Hg
* Neg

<0.009**

<0.014**

Neg

<0.007**

<0.005**

<0.001

0.00016

0.0078

Neg

= negligible

**Predictions based on conservative 99% removal in the first stage of acid gas
removal. Actual concentrations are expected to be an order of magnitude lower.

0.0631
<0.005
0.0090

TABLE 12. PROJECTED ARSINE, ARSENIC, AND MERCURY CONCENTRATIONS IN
RAW METHANATION PRODUCT-GAS STREAM, QUENCHED METHANATION
PRODUCT-GAS STREAM, AND PRODUCT SNG

Gasification Process
Acid-Gas Process

Lurgi

HYGAS

Koppers-Totzek

Rectisol

Selexol

Benfield

Raw

AsH

3

Neg*
Neg
0.00032

As4
Hg

HYGAS

Benfield

Methanation Product Gas, ppmv

Neg
Neg
0.0120

Neg
Neg
0.0234

Neg
0.266
0.0322

Quenched Methanation Product Gas, ppmv

c:.:i

I.:>
I.:>

AsH

3

Neg
Neg
0.00032

As4
Hg

Neg
Neg
0.0120

Neg

Neg

Neg
0.0234

Neg
0.0322

Product SNG, ppmv
AsH

3

As4
Hg

*Neg = negligible

Neg
Neg
0.00032

Neg
Neg
0.0045

Neg

Neg

Neg
0.0045

Neg
0.0045

Arsenic

methane and removal of C02, condensation can
once again occur in the low-temperature acidgas removal processes. The concentration of
mercury in this vent-gas stream is predicted to
be about the same as for the previous COr
removal step.
This product SNG will then be compressed in
the Lurgi and Koppers-Totzek processes to 70
atm. • Then, in all processes, the compressed
gases will be treated in glycol coolers at -274 K
to reduce the dew point of the gases. This
should reduce the amount of mercury in SNG
from the Koppers-Totzek and Hygas processes
to 0.0045 ppm (40 l'g/m3) or less.
Direct combustion of this gas in an industrial
process or use in the home should pose no health
hazards because of the mercury content. A
stack-gas concentration of about 4 p.g/m3 will
result from combustion of this gas compared to
the MATE value of 50 p.g/m3. In the home, the
primary nonvented appliance is t.he gas range.
The average annual cooking load is 10.2 million
Btu per customer, which results in an annual
mercury discharge into the home of 0.01 g.
Assuming the average home contains 425 m3 of
air with one-half air turnover daily, the average
concentration of mercury in the home would be
0.13 p.g/m3. Typical concentrations of mercury
inside residences is 0.07 p.g/ms. The mercury
concentrations are 0.1 to 0.2 p.g/m8 S to 6 mo
after an interior repaint of a house.21 Thus, the
use 9f SNG from coal gasification plants should
not pose any health effects problems because of
mercury content. Additionally, some attenuation of the mercury levels in the SNG because of
information of HgS in the pipeline is expected,
as well as dilution of the SNG by natural gas.

The projected mass flow rates of arsenic in
the various inlet and outlet streams of the gasification processes are shown in Table 13 and
Figure 5. These projections, of course, depend
on the postulated occurrence of AsH3 in the raw
gasifier product gas. The presence of arsine and
its concentration should be investigated further. The solubility of arsine, if present in acidgas removal processes, requires study. Finally,
if arsine is present, differing sulfur management schemes in coal gasification processes
should be investigated. In the worst case, projected air emissions of arsenic from a full-scale
coal gasification plant, including boiler, are 6
kg/day compared to 37 kg/day for a coal-fired
power plant delivering the same energy.

Boron
The projected mass flow rate of boron in coal
gasification processes is shown in Table 14.
Boric acid, B(OH)a, is projected to be the major
route for removal from the feed coal. The boric
acid, il produced, will be recovered in the dissolved-solids recovery section of wastewater
treatment. No problems are anticipated because
of its presence.

Leed
Volatile lead components should only exist in
raw product gases from high-temperature gasification processes such as the Koppers-Totzek
process. This is shown in Table 15. These leadcontaining components, however, will precipitate during quench of the raw gasifier product
gases and be recovered with other suspended
solids in the condensate.

REVIEW BY ELEMENT
The theoretical analysis performed on the
disposition of arsenic, selenium, boron, lead, and
mercury indicates many anas where further research efforts and environmental assessment
work could be most useful in designing coal
gasification facilities.
·

Mercury
The projected mass flow rate of mercury in
the analyzed gasification processes is shown in
Table 16 and Figure 6. As can be seen, mercury
disposition depends upon the gas processing
scheme used. These projections, however, are
based on estimates of solubility and condensation, and the estimates need to be verified. In
this analysis, the projected emissions of mercury from most of the various gas discharge
streams are below current MEG-MATE values.
Total mercury emissions from the process in-

•Note that if the Koppen-Totzek gas had been compressed prior to acid-gas removal, a different
H~/COrremoval process might be economically
preferred, with different dispoeition of these trace
inorpnica.
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TABLE 13. PROJECTED ARSENIC DISPOSITION (14 ppm IN FEED COAL)

Process
Acid-Gas Removal

Lurgi

HYGAS

Koppers-Totzek

HYGAS

Rectisol

Selexol

Benfield

Benfield

kg/day
Input Stream
Coal Feed

257.96

225.37

257.96

225.37

Discharge Ash

128.98

112.68

Neg

112.68

Solids from
Wastewater Treatment

100.06

79.94

257.96

79.94

28.73

32.41

Neg

0.67

Neg

Neg

Neg

0.321

Neg

1.34

Output Stream

Product Sulfur
Sulfur Recovery Tail Gas

co 2 Vent Gas (I)

Neg*
<

o. 275

<

Methanation Quench

Neg

Neg

Neg

31.27

C0 2 Vent Gas (II)

Neg

Neg

Neg

Neg

Glycol Cooler Recovery

Neg

Neg

Neg

Neg

Product SNG

Neg

Neg

Neg

Neg

* Neg

• negligible

eluding the boiler house are estimated to be between 1.5 and 2.2 kg/day for a full-scale facility.
A coal-fired power plant producing the same
amount of energy would emit -5 kg/day of mercury using the same coal.

and Figure 7. The projected selenium disposition is controlled by the fate of HzSe in the gaaproee11ing section of the plants. If HzSe ia present as predicted, the major dispositions will be
with the discharge ash and either the product
elemental sulfur or product sulfuric acid from
which it can be removed. Formation of HaSe in
gasification proees1e1 1bould be checked, as
well as its solubility in various proceaaing liquids. In these calculation1, maximum gas-phase

Selenium
The projected selenium disposition in typical

coal gasification processes ii shown in Table 17
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Figure 5. ProjeC'l8d arsenic disposition (kg/day) in 250 x 1()6 SCF/day coal gasification plants.
(14 ppm in coal)
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TABLE 14. PROJECTED BORON DISPOSITION (10.2 ppm IN COAL)

Process

Lurgi

HY GAS

Koppers-Totzek

kg/day
Input Streams
188.3

164.5

188.3

Discharge Ash

94.1

82.2

Neg

Solids from Wastewater
Treatment

94.1

82.2

188.3

Product Sulfur

Neg*

Neg

Neg

Sulfur Recovery
Tail Gas

Neg

Neg

Neg

co 2

Neg

Neg

Neg

Neg

Neg

Neg

Neg

Neg

Neg

Glycol Cooler Recovery

Neg

Neg

Neg

Product SNG

Neg

Neg

Neg

Coal Feed
Output Streams

Vent Gas (I)

Methanation Quench
C0

*

2

Vent Gas (II)

Neg = negligible

formation and disposition of some of these constituents. Further experimental investigations
are desirable to increase this understanding.

emissions of selenium in a full-scale process are
estimated at 6.6 kg/day. These emissions are
primarily due to the boiler house. A coal-fired
power plant delivering the same energy is estimated to emit 25 kg/day of selenium into the atmosphere.
It is emphasized that the analysis presented
is based primarily on theoretical projections
and engineering assumptions. This analysis
should provide insight into a better understanding of the factors important in determi~ing the
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TABLE 15. PROJECTED LEAD DISPOSITION (35 ppm IN COAL)

Process

Lurgi

HY GAS

Koppers-Totzek

kg/day
Input Streams
Coal Feed

641. 2

560.0

641.2

641.2

560.0

Neg

Output Streams
Ash Discharge
Solids from Wastewater
Treatment

0.005

0.008

641.2

Product Sulfur

Neg*

Neg

Neg

Sulfur Recovery Tail Gas

Neg

Neg

Neg

co 2 Vent Gas (I)

Neg

Neg

Neg

Methanation Quench

Neg

Neg

Neg

C0

Neg

Neg

Neg

Glycol Cooler Recovery

Neg

Neg

Neg

Product SNG

Neg

Neg

Neg

*

2

Vent Gas (II)

Neg • negligible

327

TABLE 16. PROJECTED MERCURY DISPOSITION (0.2 ppm IN COAL)

Process
Acid-Gas Removal

Lurgi

HYGAS

HYGAS

Koppers-Totzek

Rectisol

Selexol

Benfield

Benfield

kg/day
Input Streams
3.672

3.213

3.213

3.672

Discharge Ash

Neg*

Neg

Neg

Neg

Solids from Wastewater
Treatment

Neg

Neg

Neg

Neg

Product: Sulfur

3.635

1.854

0.257

0.0007

Sulfur Recovery
Tail Gas

Neg

Neg

Neg

Neg

0.0092

0.3397

0.514

0.0015

Neg

Neg

Neg

Neg

0.0173

0.543

0.424

0.0015

Neg

0.202

1. 743

3.394

0.0097

0.275

0.275

0.275

Coal Feed
Output Streams

co 2

Vent Gas (I)

Methanation Quench

co 2

Vent Gas (II)

Glycol Cooler Recovery
Product SNG

*

Neg • negligible
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TABLE 17. PROJECTED SELENIUM DISPOSITION (2.08 ppm IN COAL).

Process

HYGAS

Lurgi

Koppers-Totzek

Input Streams
Coal Feed

38.3

33.5

38.3

19.1

16.7

Neg

Neg

Neg

Output Streams
Discharge Ash
Solids From Wastewater
Treatment

Neg*

Product Sulfur

19.1

16.7

.Sulfur Recovery
Tail Gas

Neg

Neg

< 0. 2

< 0.1

Neg

Neg

Neg

. Neg

Neg

Neg

Glycol Cooler Recovery

Neg

Neg

Neg

Product SNG

Neg

Neg

Neg

co 2

Vent Gas (I)

Methanation Quench

co 2

*

Vent Gas {II)

Neg = negligible
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INITIAL SAMPLING OF THE FORT LEWIS SRC PILOT PLANT
David D. Woodbridge
Hittman Associates, Inc., Columbia, Maryland

ton has the capability to operate either in the
SRC-I or the SRC-11 mode. In the SRC-1 configuration the facility produces a solid product
with a sulfur content of less than 1 percent and
an ash content of 0.2 percent or less. 2 When the
facility is in'the SRC-II operating configuration,
it produces a liquid product.
Solid, liquid, and gaseous products and byproducts enter the environment as a result of
the liquefaction process. The initial sampling of
the various streams at the SRC pilot plant at
Fort Lewis was designed to obtain preliminary
environmental assessment data, identify the
potential problem areas, and establish priorities
for further considering the streams. The direct
streams from a pilot-plant facility to the environment are not the same as those from a commercial operation. To obtain information
related to some of the pollution problems that
may be associated with a commercial operation,
it was necessary to sample the products and all
streams that fed the waste treatment components.
Wherever possible, sampling and analysis
procedures were followed in accordance with
the U.S. Environmental Protection Agency's
(EPA) Level 1 and Level 2 procedures.8 4 5
Samples were obtained for physical, chemical,
and biological testing. In accordance with the
philosophy of the phased approach, all streams
were surveyed using sampling and analytical
methods that permit priority ranking of the
streams relative to their containment of potentially toxic materials.
Two field sampling and measurement operations have been performed to obtain samples
from the SRC pilot plant at Fort Lewis. The
first field operation occurred in March 1978 and
the second in February 1979. During both of
these field sample-gathering operations, the
pilot plant at Fort Lewis was in the SRC-11
mode. In March of 1978 the products were
sampled, and samples and data were obtained
from various locations throughout the wastewater treatment plant. During the February
1979 sampling operations samples and data

Abstract
During the first phases of the measurement
program at the solvent refined coal (SBC) pilot
plant at Fort Lewis, Washington, emphasis was
primarily directed at determining the quality of
the poUutant streams entering the environment.
The first measurements were directed at obtain·
ing information relative to the operation of the
wastewater treatment facility. Because the pilot
plant is not a miniature version of a commercial
facility, it was also necessary to obtain samples
from stre,ams feeding the wastewater treatment
facility. Liquid, gaseous, and solid streams that
could affect the environment were sampled and
analy~ed according to the U.S. Environmental
Protection Agency's (EPA) Level 1 and Level 2
procedures.
Coal conversion processes an highly complex
systems consisting of a wide variety of interrelated components. Level l sampling has
shown that certain streams have no significant
environmental impact. These data result in
fewer streams requiring sampling for the Level
2 analysis. A detailed evaluation of the data
resulting from the Level 2 sampling and analysis wiU indicate the streams and/or specific
poUutants that require the attention of a Level 3
methodology.

INTRODUCTION
A number of different processes are under
development for producing synthetic fuels from
coal. One of these technologies is the solvent
refined coal (SRC) system. The process was
originally developed by Spencer Chemical Company for the U.S. Department of Interior, Office
of Coal Research. Gulf Oil subsequently acquired Spencer Chemical Company and is continuing development under the Pittsburg and
Midway Coal Mining Company. 1 A pilot plant
was constructed at Fort Lewis, Washington,
which has the capability of converting 45 metric
tons of coal per day to the SRC products.
The SRC pilot plant at Fort Lewis, Washing-
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• 082 Solid product storage area, and
• 091 Wastewater treatment area.
Figure 2 also shows the locations from which
solid, liquid, gaseous, and atmospheric samples
were obtained. These will be discussed later in
the paper. An aerial view of the SRC plant at
Fort Lewis, Washington, is shown in Figure S.
Operational constraints of a pilot plant limit
the time when samples and data can be obtained. A number of parameters within the pilot
plant can be changed, which may result in
changes in the constituents of various streams
within the system. Operational temperature
and pressure and the rate and amount of hydrogen introduced into the process are often
changed. The type of coal is also changed. Even
if gross parameters of the coal are similar, the
presence or absence of trace elements may vary
the constituents of potential pollutant streams.
Sudden shutdown or recycling procedures will
change the equilibrium of the system. A change
in the mode of operation of the plant from the
SRC-1 oo the SRC-11 or order will change the
constituents in the various streams. Considerable differences in the temperature and pressure of the proce11 as well as the amount of
hydrogen injected into the system exist between the two modes of operation. Comparable
data can be obtained only if operational parameters are similar and the operation is stabilized.
During both March 1978 and February 1979
sampling operations, the SRC plant at Fort
Lewis was in the SRC-11 mode. Because the
plant was operating in ·the SRC-II mode, data
resulting from the sampling operation may indicate some of the conditions that can be expected in demonstration or commercial facility.
Typical Pacific Northwest winter conditions
prevailed during the February 1979 field operation. The temperature ranged from - 0.6° C
(81° F) oo 5.6° C (42° F) with some rainfall nearly every day. Conditions included complete
cloud cover approximately 86 percent of the
time. On the night of February 11, 1979, a
severe windstorm damaged power lines and
shut down the plant for nearly 2 days.

were obtained for the products, the source coal,
liquid streams, gaseous emissions, and the surrounding atmosphere. Preliminary analysis and
evaluation of these data are presented in this
paper.

SRC PILOT PLANT AND OPERATION
The SRC pilot plant at Fort Lewis, Washington, was constructed on the military base near
Tacoma, Washington, which began operating in
October of 1974. Figure 1 shows a block diagram
of the SRC system.' In the coal preparation and
handling area raw coal is unloaded, crushed, and
stored in piles. The coal is sized, pulverized, and
mixed with a recycled hydrocarbon solvent. The
resulting coal/solvent slurry is mixed with a
hydrogen-rich gas and preheated. The preheated mixture enters the hydrogenation zone,
which operates at 425° C to 480° C and 6.9 MPa
to 18.8 MPa, with about a 80-min holding time.
The coal is liquefied by reacting with hydrogen.
The liquefied product contains some undissolved material, primarily mineral matter and
undissolved coal. The excess hydrogen and
gases produced in the reaction are separated
from the slurry of undissolved solids and coal
sol:ution. The gaseous stream passes through a
cleanup system to remove H2S and C02 and is
then recycled to the reaction zone. Fresh
hydrogen from the hydrogen production area is
added to this recycled gas stream. The slurry of
solids and coal solution is cooled; the solids are
separated from the coal solution, stored, and
used for hydrogen generation. The coal solution
is further separated into a light oil fraction, a
wash solvent fraction, the process solvent, and
the solvent-refined coal. The SRC is solidified
by cooling. The gasification system will gasify
either the residue or a mixture of residue and
coal. 7
A diagram of the plant system is shown in
Figure 2. Each area in Figure 2 is numerically
designated as follows:
• 01 Coal preparation and slurry missing,
• 02 Preheating, dissolving, and pressure
letdown,
.
• 03 Mineral separation: very little use for
SRC-11,
• 04 Fractionation and solvent recovery,
• 05 Gas recovery and recompression,
• 081 Sandvik belt-vacuum bottoms solidification,

SAMPLING RATIONALE
The phased approach, developed by the Proce11 Measurements Branch (PMB) of EPA requires three •eparate levels of sampling and
analytical effort. The first level, Level 1, utilizes
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quantitative sampling and analysis procedures
that yield final analytical results accurate to
within a factor of 3 of the sample. 3 Level 1 is designed to:
• Provide preliminary environmental assessment data,
• Identify problem areas, and
• Provide data to order priorities for the various streams and/or components.
Level 2 sampling and analysis procedures are
designed to:
• Confirm and expand the Level 1 results, and
• Determine exact quantities of organic or in·
organic constituents that could provide a
health or ecological problem.
Level 3 sampling and analysis are directed at
monitoring the problems identified in Level 1 to
provide information for control device design
and development. 3
The basic rationales of the Level 1 and Level
2 sampling and analysis procedures were fol·
lowed in planning Phase 1 (Marth 1978) and
Phase II (February 1979) sample acquisition and
analysis tasks. Phase I sampling was designed
to provide preliminary environmental assessment data on the wastewater treatment facility
of the SRC plant and of the SRC-II products.
The Phase II sampling and analysis were de·
signed to confirm the results obtained in Phase
I on the wastewater treatment facility and the
SRC-II products and to perform complete Level
1 sampling and analysis on:
• All streams flowing into the wastewater
treatment facility,
• All emissions to the atmosphere, and
• The atmosphere surrounding the SRC plant.
Level 2 sampling and analysis were planned for
all liquid streams leading to and through the
wastewater treatment facility.
Figure 4 is a general diagram of streams that
were scheduled to· be sampled. Sampling point
locations with respect to plant operations are
shown in Figure 2, where: .
• Numbered locations represent the liquid
sampling locations,
• Lettered locations represent the gaseous
sample locations, and
• (X) represents location of atmospheric samples.
The following factors li~ited the extent to
which the Level 1 and Level 2 procedures could
be followed:

• All electrical equipment had to he equipped
with explosion-proof motors and connections
to operate inside the plant area.
• No holes could be made in any pipe of stack.
• Safety regulations prevented obtaining flare
exhaust samples.
• High-volume samplers did not exist in the
area that were equipped with sorbent modules.
• Certain components of the plant failed to
operate normally.
These limitations mainly restricted the acquisition of gaseous samples. The source assessment
sampling system (SASS) train was not allowed
to operate on the premises. In most locations it
would have been impossible to operate the
SASS train because of the design of the instru·
ment.
SAMPLING OPERATION

In March of 1978, samples were acquired from
locations throughout the wastewater treatment
system at the SRC pilot plant at Fort Lewis. A
block diagram of the wastewater treatment system showing locations of sample acquisition is
shown in Figure 5. ·All samples were 1 gal
(3.79 L) grab samples taken during the same day
of plant operation. Liquid samples were preserved with acid and stored in ice during holding and shipping to the Hittman Associates lab·
oratory for analysis. Solid samples were placed
in polyethylene bags for shipment.
A more complex field sampling operation was
required for Phase II in February 1979. The
operatiOn was designed to acquire:
• Level 1 and Level 2 liquid chemical samples,
• Samples for iioassay analyses,
• Level 1 gas samples,
• Surrounding atmospheric air samples,
• Coal and product samples, and
• Samples throughout 5 days of plant operation.
A schedule of the samples acquired from the
Fort Lewis SRC pilot plant is shown in Table 1.
Table 1 also shows location, method, and reason
for sample acquisition. This table does not include the gaseous or atmospheric samples or onsite analysis. Liquid samples of the inflow and
effluent of the wastewater treatment facility
were also sent to Gulf South Research Institute.
Liquid samples were collected in 5 gal
340
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TABLE 1. SAMPLE SHIPMENTS TO INDIVIDUAL LABORATORIES FOR ENVIRONMENTAL
SOURCE TESTS FOR THE SRC SAMPLES COLLECTED FEBRUARY 11
THROUGH FEBRUARY 17 AT FORT LEWIS, WASHINGTON
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Sulfur Recovery Area
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Raw Coal
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Middle Distillate
Heavy Distillate

3

••

• •

10 WWTPE
Wastewater Treat.
Plant Eff.
11 VBSD
Vacuum Bottoms
Storage Drain
12 SBCW
Sandvik Belt Cooling
Water
13 SFAD
Solvent Fractionation
Area Drain
Naphtha

"

I'

•• •

•

9 WWTPI
Wastewater Treat.
Plant Inf.

.

3•
-·3

••

•••

Cooling Water

3 -· 3

• •

2 CSPL
Coal Storage Pile
Leachate
3 DSAD
Dissolve & Separation
Area Drain
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7 BB
Boiler Slowdown

HAI
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1 CPA
Coal Preparation
Area

6 RPWT
Recycle Process Water
Tank

3'

:r m !!.

-· 3

5th Day

12117/791

TRWAM HAI

Ill

i I na
•..
"~-.

4th Dav

(2f1sns1

••

•
• •
• •
• •
• • •
• • •
• •

•
•

2nd QC Sample

.

•

•

+

~a

• •

•
•

+Includes 3 separate bottles for oil and grease, TOC, COD, Phenolics, Alkalinity, Acidity, TDS, TSS and Hardness.
.. Also shipped a 1 gallon unextracted RPWT to TRW.
Number five was to be the sample from the flare knockout drum, which was dry.
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(18.93 L) bottles and then split for the various
analyses. Ten L of the samples were extracted
with methylene chloride for organic analysis.
Extractions from each of the liquid streams
were then shipped by air to the appropriate
analytical laboratory. All liquid samples that
were not extracted or sent for trace metal
analysis were iced to keep below 4° C. Because
atmospheric temperature was generally below
40° F (4.4 ° C), no difficulty was encountered in
sample preservation. Samples were also preserved as shown in Table 2.
Samples of gaseous emissions and atmospheric particulates were obtained from locations
shown in Figure 2. Locations indicated in Figure
2 as positions from which gaseous samples were
obtained are designated in Table 3, relative to
the source of the emissions. A sample of each
source was placed in a 10-L, chemically inert
mylar container and taken immediately to the
laboratory for analysis. With explosion-proof
pumps, 50 to 200 L of gas from each source were
also passed through impingers. The SASS train
was not used because of the stipulated use of
explosion-proof equipment within the plant's
operating area and the denial of the request for
entrance ports to the vent stacks.
Product and solid samples were also acquired
for chemical analysis and bioassay. These
samples, the method of acquisition, and their
disposition are shown in Table 1.
One severe problem was encountered during
the second field trip relative to the operation of
the wastewater treatment facility. A plug de-

veloped in the line between the aeration tank
and the clarifier, which produced a malfunction
of the aeration system. Because the wastewater
treatment facility was operating beyond the designed capacity, the malfunction reduced the facility's efficiency.

PRELIMINARY SAMPLE ANALYSES
Analysis and preliminary evaluation of data
obtained from the samples gathered from the
various locations through the wastewater treatment facility indicate that the system was performing adequately when all aspects of the SRC
plant and the wastewater treatment facility
were operating normally. Table 4 shows the results of a spark source spectrometer analysis
for trace elements of the wastewater treatment
facility effluent. As a comparison, the Washington State limiting concentrations are also
shown. Concentrations of all regulated trace
elements were reduced to levels below those required by Washington State.
Figure 6 shows the distribution of organic
constituents as a function of location through
the wastewater treatment facility. Table 5
shows the percent of total reduction of the
organics.
Data from the laboratory of the SRC pilot
plant at Fort Lewis indicate that the wastewater treatment facility obtains removals as
shown in Table 6. These values, however, may
be atypical of results that would be observed in
a commercial system for the following reasons:

TABLE 2. SAMPLE PRESERVATION

Samples for Analysis of:

Method of Preservation

Oil to Grease
TOC

H so to pH of 2 and coal to 4°C
2 4

COD

Phenolics

H Po to pH of 41.0 g Cuso /l and
2 4
4
coal to 4°C

Trace Elements

HN0

Organics

CH 2c1

·Volatiles

3

to pH of 2

2

extraction

Coal to 4°C
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TABLE 3. GASEOUS SAMPLING LOCATIONS

Location
Designation

Gaseous Source

A

Slurry blend tank vent

B

Pre-heater stack gas

c
D

N stripper vent
2
Oxidizer tank vent

E

Input to flare

F

Hot well tank vent

G

Process solvent accumulator vent

H

Sandvik belt vent

I

Process liquor tank vent

TABLE 4. COMPARfSON OF TRACE ELEMENT DATA ON TREATED WASTEWATER
WITH REGULATED LIMITATIONS OF WASHINGTON STATE

Cone. Observed by
Washington State

Spark Source
Analysis

Element

(mg/l)

~mg/l)

Sodium (ppm)

25-50

5.9

2-10

1.4

r

Potassium

0.05-0.10

0.04

Iron

0.1-0.5

0. 31

Zinc

0.5

0.4

Nickel

Bromine (ppb)

40-60

13

Selenium

o. 2-2

B

Chromium

0.0-4

1

Thorium

0.04

Rubidium

0.8-5.0

3

Antimony

0. s- 3. 0

B

Arsenic

2-4

1

B

= Below

B

detection limit.
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TABLE 5. PERCENT REDUCTION IN ORGANICS BY THE
SRC WASTEWATER TREATMENT FACILITY

Oil and grease

99%

COD

89%

TOC

98%

99%

tory classes of organic compounds detected
in the Level 1 analysis explain the high degree of biodegradability.
Although the level of organics was too low following biological treatment to require a Level 1
analysis, results of the infrared analysis indicate that the following classes of hydrocarbons
w~re still present:
• Aromatics, including substituted benzenes,
naphthalenes, and other polynuclear hydrocarbons;
• Compound classes with C - 0 and C - 0
stretches representing aldehydes, acids, and
esters;

• The process water is only about 1 percent of
the total feed to the wastewater treatment
system. The actual COD of the foul process
water has been reported to range from
25,000 to 43,600.9
• Phenols have not been recovered from the
wastewater at the SRC-11 pilot plant, as
would be the case in a commercial system.
Results of the Level 1 organic analysis indicate that phenols represent about 30 percent of the total organics. Phenols are readily biodegradable at concentrations from 500
to 1,000 mg(L,910 11 and the high concentrations of phenols relative to the more refrac-

TABLE 6. RANGES OF WASTEWATER PARAMETERS AT
THE FORT LEWIS PILOT PLANT8

Surge
Reservoir
pH

5.0-9.0

Clarifier
Effluent
6.2-6.8

BOD, mg/l

Flottazur
Flotation

Bio-Unit
Effluent

Plant
Effluent

6.2-6.8

6.2-7.4

6.2-7.4

135-350

10-110

4-23

Unit

COD, mg/l

1,000-9,600

650-5,000

500-4,000

20-250

5-75

TSS, mg/l

90-400

50-300

30-200

20-300

0-20

Phenol, mg/l

30-1,500

25-1,100

10-1,000

0.1-1.0

o.o-o.4

Extractable
oil, mg/l

10-250

0-4

0-3

4-30

6-150
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DISCHARGE

TABLE 7. SUMMARY OF THE SAM/IA MODEL FOR THE EQUALIZED FEED TO THE
WASTEWATER TREATMENT SYSTEM AND THE CARBON FILTER EFFLUENT

Effluent Stream Potential Degree of
Hazard
•
•
•
•

Feed to
Clarifier
6.49

Health-based MATE
No. of MATEs exceeded
Ecological-based MATE
No. of MATEs exceeded

Carbon Filter
Effluent
2.23

3/31 (10%)

0.24 (0%)

15,224
7/18 (39%)

5/15 (33%)

32.77 4
7.67 x 10

7710.86

1,528

Potential Toxic Unit Discharge
Rate (l/sec)
• Health-based MATE
• Ecological-based MATE

• Aliphatic hydrocarbons of alipathic substitution on ring compounds;
.
• Compounds with C - N stretch including
amines; and
• Phenols.
The· results of the analysis of the wastewater
for suspended and dissolved solids are illustrated in Figure 7. While the results indicate 98
percent suspended solids removal in the wastewater treatment system, the results for dissolved solids do not show a consistent trend.
Net reduction in the treatment system was
found to be approximately 14 percent. The suspended solids results agree with available plant
data, which indicate that suspended solids
levels average 15 mg/L in the biounit effluent
and 5.5 mg/L in the carbon filter effluent.
Overflow from the backwash filter was found to
contain 10 mg/L of suspended solids, well within
the Washington State effluent limitations of 50
mg/L.
The SAM/IA model was applied to the feed to
the clarifier and the carbon filter effluent, which
represent the equalized feed to the treatment
system and the treated wastewater, respectively. The results of the SAM/IA application yield
an "effluent stream potential degree of hazard"
based on comparison of the stream components
to the ecologically and health-based MATEs,
and a "potential toxic unit discharge rate" based
upon the flow rate of the stream, thereby allow-

11. 25

ing the relative hazard of various streams to be
compared on a Jlow-rate basis. Table 7 summarizes the results of the SAM/IA.
During the second phase of the field sampling
program a mobile laboratory was established in
a covered truck at the SRC plant. This laboratory was established to obtain on-the-spot
measurements of pH, conductivity, ammonium,
nitrate, chloride, sulfide, and cyanide. All of
these immediate onsite measurements were
made by ion probes. Table 8 shows the results of
these measurements. A great deal of variability
is evident in the data. Extreme care was taken,
and multiple measurement acquired, in the attempt to obtain readings as accurate as possible. However, interference often made the degree of accuracy less than desired. Particular attention should be given to the recycle process
water tank because of its high concentrations of
cyanide, chlorides, sulfides, and ammonium.
Analysis of the samples from the SRC pilot
plant for trace elements is being performed by
both spark source spectroscopy and plasma jet
spectroscopy. The plasma jet has the advantage
of excellent quantified results but is limited to
only those elements for which the computer has
been programmed. At the present time, only
metals are spectrographically determined and
quantified for the computer. Table 9 shows the
concentration of each of the metals for each of
the sampling locations.
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TABLE 8. METALS IN SRC WASTE STREAMS (PLASMA JET SPECTROGRAPHIC ANALYSIS)

Metals

Ill
CPAD

112
CSPL

#3
DSAD

#7
BB

cw

Aluminum

0.47

99.1

0.25

L

L

2.11

L

212

Barium

0.029

0.066

0.080

0.010

0.014

0.019

0.028

0.050

Boron

0.043

1.15

0.078

0.094

0.049

1.02

0.12

Calcium

12.8

245

4.07

0.37

30.9

15.3

Copper

0.016

1.40

0.029

L

0.053

Iron

1.45

1850

0.35

0.52

2.18

c.o
g Magnesium 3.66

30.4

0.29

0.057

Manganese 0.020

6.75

0.014

Phosphorus 16. 8

22.0

Potassium 3.62
Silicon
Sodium

118

119
WWTPI

/110
WWTPE

1112
SBCWD

#13

SFAD

Dectection
Limit

L

0.23

0.15

0.085

0.28

0.001

1.21

0.051

0.044

0.01

17.3

235

11.9

3 .43

0.01

L

2 •. 40

0.023

0.039

0.015

4.90

0.079

2700

0.23

0.52

0.030

10.4

4.76

4.26

156

3.76

0.70

0.001

0.007

0.041

0.031

0.007

11. 7

0.005

0.014

0.003

1.34

41.1

6.66

5.16

L

254

3.90

0.4

3.44

0.40

1.98

8.70

30.0

1.37

2.51

1.02

0.59

0.01

27.6

30.1

4.82

18.8

30.9

17.3

12.4

45.0

11. 7

8.12

0.08

78.3

140

11.8

170

16.7

71. 7

19.1

113

5.90

20.0

0.2

Strontium 0.063

2.63

0.016

o.oos

0.17

0.11

1.65

0.058

0.014

0.001

Titanium

0.011

0.11

0.007

L

L

0.017

0.080

L

0.008

0.006

Zinc

o. 77

8.75

0.32

L

3.11

0.18

0.015

L

Below detection limit

L

0.38

0.014
L

Ull

VBSD

5.10

L

0.041

TABLE 9. PARTICULATE MEASURED BY HIGH VOLUMES
AT THE SRC PILOT PLANT

Location
Indicator

Location

A

Ground level 04 area

B

E

c

w side

D

200' SW of flare tower

E

75' SW of 091 shack

F

Outside fence - 091 area
Outside fence - south 082 area
Outside fence - south 01 area

G

H

side - 5' north of guard shack
- 300' north of generator

Location of the eight high-volume air samplers is shown in Figure 8. Numbers next to the
location numbers are the measured concentration of particles in micrograms per cubic meters
of air passing through the instrument. Values
are the mean of two measurements. The first
measurements were obtained February 12,
1979. That evening a severe windstorm damaged power lines and shut down the plant. This
storm resulted in the shutdown of the highvolume samplers after approximately 18 hr of
operation. A 24-hr operation of the high-volume
samplers was obtained February 15 and 16,
1979. Comparison of the data obtained from
these two periods of field measurement, shown
in Table 10, indicates similarities. During the
stormy period, the high-volume sampler near
the center of the SRC pilot plant recorded more
than twice the concentration of particulates. A
definite plume structure toward the northeast
is indicated from the mean data plotted on
Figure 8.
Analysis by liquid chromatography of the
middle and heavy distillates, which are the
products of the SRC-11 facility, is shown in
Figures 9 and 10.

2-12-79
(stormy)
µg/m3

2-15-79
µg/m3

116.0

54.3

21.2

3,1.6

30.0

47.8

18.0

19 .8

9.1

23.3

21.5

26.4

23.4
20. 2

22.7
26.0

for the wastewater streams associated with an
SRC-11 pilot plant operation. The most poten·
tially toxic waste stream is the recycle process
water tank. Establishment of initial priorities
for the wastewater stream is shown in Table 11.
One important fact is demonstrated by preliminary analysis of the samples obtained from
the SRC pilot plant: that large variations in
chemical concentrations, and perhaps even their
existence, occur during minor shifts in operating conditions. Thus, a single grab sample reveals very little about the chemicals or concentrations that can exist in a waste stream from
an SRC plant. In order to evaluate changes in
wastewater constituents, detailed information
is required on operating conditions and changes
in coal type, feed rate, temperature, pressure,
and other physical parameters.
Extrapolation of data to different operating
conditions or to other modes of operation is
meaningless at this time. A complete set of
nearly identical samples must be obtained and
analyzed under the SRC-1 mode of operation.
Ordering priorities for the wastewater
stream for the SRC-11 mode appears to indicate
that the following should be evaluated under
EPA's Level 8 criteria:
• Recycle process water,
• Sulfur area drain,
• Wastewater treatment plant inflow, and
• Wastewater treatment plant effluent.

CONCLUSION

Evaluation of the data analyzed at this time
indicates rough establishment of priorities
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IABLE 10. EMISSION l:BQM VENI AI It:tE SBC PILOI PLANI
Sample

Date

Site#

Takea

pH

FleldAulyu ·

Cl-

as-

cN-

lms/11

bq/11

• l•slll

lms/11

N~
lml

74.0
85.0
100.0

<0.1
0.5
1.0

0.09
0.80
1.50

0.1
0.1
0.2

298
8550
798

6.0

1.0

0.50

0.1

260

<1.0

<G.1

<0.09

0.1

5900

Noa

CeaclactlYlty

li£allel•I

2/11
2/12
2/15
2/16
2/17

9.65
11.80
10.80

1.98
2.83
2.20

8.20

0.55

2/11

2.45

2/12
2115
2/16
2/17

1.85
1.95
1.90

<0.10
<0.10
<0.10

<1.0
27.0
2.0

<G.1
<1.~
<1.

<0.10
<0.10
<0.10

0.1
0.1
0.1

18900

3
Dissolver/
Separator
Area Drain

2/11
2/12
2/15
2/16
2/17

7.80
8.60
7.25
10.70
9.35

2.88
0.67
0.54
0.80
1.76

<1.0
<1.0
23.0
52.0
2600.0

<1.0
0.8
<0.1
<1.0
<1.0

0.09
0.10
<0.10
<0.50
0.50

0.4
0.1
0.5
0.1
0.4

101
99
148
8550
2150

4
Sulfur
Recovery
Area Drain

2/11
2112
2/15
2/16
2/17

9.60
9.80
8.60
8.25

<0.10
<G.10
<0.10
<G.10

780.0
>100000.0
38800.0
>100000.0

8.0
<0.1
1.1
26.0

9.80
570.00
1700.00
98.00

5.0
27.0
6.4
14.0

281
13900
16500
7450

6
Recycle
Proceaa
Water Tank

2/11
2/12
2115
2/16
2/17

9.05
8.90
9.00
8.85

21.20
6.51.
<0.10
<0.10

>100000.0
>100000.0
>100000.0
>100000.0

2200.0
800.0
16700.0
817.0

1400.00
672.00
5700.00
1800.00

8340.0
300.0
3200.0
1200.0

148000
10600
180000
100000

7
Boller
Blowdown

2/11
2/12
2115
2/16
2/17

11.55

<0.10

7.2

<0.1

0.1

1670

11.60

4.88

115.0

1.0

0.13
'
1.80

1.6

8080

11.40

0.09

2800.0

<1.0

0.20

0.5

6.25

2.29

84.0

<0.1

0.09

0.2

2350
489

6.56

1.30

12.0

0.1

<0.10

0.1

8080

7.10

0.87

88.0

<1.0

0.10

0.4

257

56.0
756.0
8600.0
2430.0
193.0

1.9
2.1
0.6
<1.0
<1.0

8.88
8.00
0.60
16.00
0.80

100.0
6.0
<0.1
10.2
0.5

1200
281
8080
5900

6.6
12.0
148.0

580.0

<0.1
<0.1
0.2
<1.0
<1.0

0.16
o.30·
<0.10
6.00
o.40

11.6
15.0
10.5
7.9
11.0

<1.0

<0.1

<0.09

0.3

316
257
257
1900
228
6950

1
Coal Proee..
Area Drain

2
Coal Storage
Area Drain

8
Cooling
Tower Basin

2/11
2/12
2/15
2/16
2/17

9
Wastewater
Treatment
Plant
Infiuent

2/11
2/12
2/16
2/16
2/17

8.80
8.60
7.80
7.50

<0.10
1.39
0.08
<0.10

10
Waatewater
Treatment
Plant
Effluent

2/11
2/12
2/15
2/16
2/17

7.20
7.10
7.25
7.05
7.90

<0.10
0.88
0.27
0.01
<0.01

11
Drain from
Blacktop
Area

2/11
2/12
2/15
2/18
2/17

2.50

12
Sandvick
Belt Cooling
Water
13
Solvent
Fractionation
Area Drain

2/11
2/12
2/15
2/16
2/17
2/11
2/12
2/15
2/18
2/17

usoo.o

11800
8400

328

2.30

<0.10

<1.0

<0.1

<0.10

0.1

12970

2.50

o.so

<1.0

<0.1

<0.10

<0.1

3900

7.05
7.15
7.50
7.05
7.40

0.92
0.60
0.47
0.27
0.75

12.0
<1.0
<1.0
4100.0
12.0

<0.1
<0.1
<0.1
<0.1
<0.1

0.11
<0.10
<0.10
1.00
0.20

0.6
<0.1
0.2
4.3
0.2

128
151
163
144
157

8.60
6.86
7.45
7.25
6.85

1.49

15.0
180.0
340.0
275.0
983.0

<0.1
2.8
9.0
<1.0
<1.0

2.18
8.20
<G.10
2.40
o.70

5.6

<G.10
<0.10
<0.10
0.58

193
104
161
107
146

s

6.0
4.0
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TABLE 11. ESTABLISHING PRIORmES FOR WASTEWATER STREAMS
FROM SRC PILOT PLANT
..

Order

Stream

1

Recycle process water tank

2

Sulfur recovery area drain

3

5

Wastewater treatment plant inflow
Wastewater treatment plant effluent
Coal storage area drain

6

Drain from general surfaced area

7

Coal preparation area drain

8

Dissolver/separator area drain

9

10

Solvent fractionation area drain
Boiler blowdown

11

Sandvik belt water

12

Cooling

4

wat~r

In addition, the flare knockout drum water was
not sampled because of operational difficulties
and should be evaluated for potential toxic substances.

3.
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ENVIRONMENTAL ASSESSMENT OF SRC-11-AN UPDATE
C. Raymond Moxley•
Gulf Mineral Resources Company, Denver, Colorado
and
David K. Schmalzer
Pittsburg & Midway Coal Mining Company, Merriam, Kansas

on the Mononga!Ulla River.
• Status of combustion tests on SRC-11
product oil and anticipated environmental concerns of its use.

Abstract
This paper describes the activities that have
been undertaken, as weU as future environmental activities that will occur in the succeeding
phases of the 6,000 TID SRC-11 Coal Liquefaction Demonstration Project. This plant will be
built in the Morgantown, West Virginia area
under sponsorship of the U.S. Department of
Energy (DOE).
Currently, the phase is characterized by efforts in two main areas:
1. Collection of baseline data for incorporation
into an environmental impact statement. A
brief description of our data-gathering effort is given with special attention to:
• Results from the air-monitoring station,
especially regarding the ozone attain·
mentlnonattainment status in the area.
• Existing levels of PNAs in soils, ambient
suspended particulate matter, ground·
waters, and surface waters/sediments in
the Mononga!Ulla. River and the various
tributaries that traverse the project site.
• Expected impact of the project on the existing socioeconomic climate of the region.
2. Identification of the following anticipotsd
major environmental concerns of the project:
• Current plans for the onsite disposal of
approximately 800 TID of a potentially
haardous waste.
• Industrial hy6"M and potential health
eflecta of the plant. A medical survflilla.nce prol11'fJ"' for plant WOl'Ul'S and the
status of tM to~icology programs for
SRO.II (solvent refined coaJJ products and
intermediate streams will be addnlssed.
• Consumptive use of water and its impact

INTRODUCTION
Increased use of America's coal supplies is
not only a goal of the National Energy Policy
but also a highly desirable fuel supply alternative for the electric power-generating industry. Unfortunately, conversion from fuel oil
to coal is not only expensive but prohibited in
certain regions of the country because of existing and proposed environmental regulations.
We are all familiar with the U.S. Environmental
Protection Agency's (EPA) proposed regulations of 85 percent sulfur removal for the utility
industry. The economic consequences of this removal rate are formidable, with estimates ranging around $800 to $1,000/ton of S02 removed.
The objective of the SRC-11 project is to use
our coal reserves to provide a liquid fuel that is
competitive with petroleum-derived boiler fuel,
both environmentally (low sulfur and low ash)
and economically. Longer range utilization of
SRC-11 products could include heating oils,
gasoline, and feedstocks for chemical production.

HISTORY
In July of 1978, the U.S. Department of
Energy (DOE) entered into a contract with the
Pittsburg & Midway Coal Mining Company to
undertake a conceptual design of demonstration
plant. This plant would have a coal feed rate of
6,000 T/CD and produce the equivalent of 20,000
bbl/d. Table 1 traces part of the historical devel·
opment of the process that led to this contract.

•Speaker.
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TABLE 1. HISTORIC.Al DEVELOPMENT OF THE
SRC-11 PROCESS
• .

1965

-

Technical feasibility of Solvent Refined Coal is proven by Spencer
Chemicals under sponsorship of the Office of Coal Research.

19 7 2

-

The Pittsburg & Midway Co. is contracted by DOE to construct
a

50 T /D pilot plant at Ft. Lewis, Washington.

c.o

~ 197 4

-

Start-up of pilot plant.

1978

-

DOE contracts The Pittsburg & Midway Coal Mining Co. to
undertake:
-

Conceptual design of a 6,000 T /CD Demonstration Plant

-

Marketability and economic assessments

-

An Environmental Analysis of the plant site including the
defining of all air, liquid and solid waste emissions.

PROCESS DESCRIPTION

BASELINE COLLECTION EFFORT

Figure 1 shows the location of the proposed
demonstration plant site, approximately 5 mi
north of Morgantown and bordering on the west
side of the Monongahela River. The location of
the meteorological and air quality monitoring
station (MAQS), which is actually in Pennsylvania, is indicated by a star on the figure.
Figure 2 shows a schematic flow diagram of
the process. The feed, a typical high-sulfur
Pittsburgh seam coal, is mixed with a recycle
slurry produced by the process. Hydrogen
enters the coal-slurry mixture and is pumped
through a preheater to the reactor where the
coal is dissolved and hydrocracked.
The effluent from the reactor enters a series
of vapor-liquid separators. The light process
gases containing hydrogen, H2S, and C02 are
sent through an acid-gas removal system followed by a cryogenic unit to separate the
hydrogen that is recycled to the process. The
hydrocarbon gases are refined into a methane,
ethane, propane, and mixed C4 product streams.
The light liquid stream is fractionated into a
naptha product (05 -350° F and End Point) and a
middle distillate (350° to 600° F). The product
slurry is split so that part is recycled to the
front end to be mixed with the feed coal. The
other portion is sent to vacuum distillation
where a heavy distillate is produced and mixed
with the middle distillate from the atmospheric
tower. These two streams (heavy and middle distillates) comprise the final SRC-II fuel oil product.
The vacuum tower bottoms are sent to a highpressure slagging gasifier for production of synthesis gas, a mixture of hydrogen and carbon
monoxide. Part of this gas is catalytically
reacted with steam (water gas shift) to reproduce hydrogen. The other part of the synthesis
gas is treated to remove acid gases and is used
for plant fuel.
The temperatures in the gasifier are sufficient to liquefy the mineral matter in the feed.
This molten ash is cooled and solidified by a
water quench and, after appropriate dewatering steps, is sent to the ash disposal area located
onsite. Approximately 800 T/CD of slag will be
produced by the plant.

The main objective of any demonstration
plant must be that all aspects of the project are
investigated to determine their feasibility for
commercialization. These aspects inciude not
only engineering technology, economics, and
marketability of products, but also the environmental acceptability of the technology and its
products. If a demonstration project does not
adequately address all these issues, it has not
accomplished its objectives.
Before one' can characterize the environmental impacts, it is necessary to undertake extensive environmental baseline monitoring. This,
plus the post-operational monitoring, will facilitate scientifically sound conclusions regarding
these impacts and provide a firm foundation on
which to judge the impacts of a commercial
plant.
,
A brief summary of the baseline collection effort underway at Morgantown is presented in
Tables 2 through 7. During establishment of a
detailed work plan for this effort, two objectives
were of prime concern:
• That sufficient data be collected on the existing environment to comply with the requirements of NEPA documents and permits; and
• To characterize aspects of the environment
that the plant might affect so that the postoperational monitoring would logically continue from the baseline data collection effort.
Only at the demonstration phase of any fuel
conversion technology development can real environmental issues be quantified and judgments
made regarding the environmental acceptability of the process.
RESULTS OF BASELINE
DATA COLLECTION
Currently, the data collection effort is approximately 75 percent complete. It is anticipated that all sampling, analyses, and compilation of data will be complete for inclusion in the
draft EIS scheduled for January 1, 1980. DOE
plans to issue the final EIS in July 1980.
In this section, no attempt will be made to list
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VACUUM TOWER

TABLE 2.

( 1) Collect one-year of meteorological data utilizing the 60-meter
meteorological tower located near the Morgantown site.

~

NI

(2) Collect one-year of air quality data for S02, NOX, 03, NMHC, CO, total
suspended particulates (every third day). On a quarterly (seasonal)
basis, analyze, collected particulate matter for various trace
metals (approximately 70 elements) and trace polynuclear aromatic
hydrocarbon (four PNA 's have been selected that have been historically
used as "indicator" compounds of possible carcinogenic activity.)

TABLE 3.

( 1) Make quarterly analyses of surface waters near the site:

Monongahela

River (three stations), Robinson Run (two stations) and Crooked Run
(three stations).

In addition to the "standard" water quality parameters,

e.g., COD, BOD, TSS, pH, dissolved oxygen, TOC, O&G, TDS, etc., trace
metals and polynuclear aromatics concentrations are also being
determined.
~

(2) The same analyses, except BOD, are being conducted on groundwater

~

samples taken from four existing wells near or on the plant site.
(3)

A hydrogeology study involving six drill holes will be conducted in the
slag disposal and coal storage and preparation areas to determine:
-

Rock identification
Potential seepage rates and pathway identification

-

Depth to nearest aquifer

-

Piezometer measurements
Ability of existing clay to prevent seepage from ash disposal

-

Logs of all holes and cores

TABLE 4.

( 1)

Seasonal studies to qualitatively analyze. the existing plant communities.
Included in this work is species inventory, plant community identification,
construction of vegetation maps, and examination for unique, rate, and
proposed special-status plant species.

c..:i

~

(2)

Seasonal sampling and observation of existing wildlife at the site via
live-trap transects, mist nets, and vehicular and walking transects.

(3)

Sample aquatic flora and fauna quantitatively and qualitatively at three
stations on the Monongahela River and two on Crooked Run.

Under

investigation will be such groups as fish, macroinvertibrates, zooplankton,
and phytoplankton.

TABLE 5.

( 1)

Conduct a stud·y to identify the existing relationship between population,
economy, land use, and the demand for public and private utilities,
services, and facilities in Morgantown and neighboring communities.

c:.:i

g

A

labor availability study will be conducted, as well as an evaluation of the
adequacy of the present roads and highways.

(2)

Conduct a study of the possible presence of cultural resources (historical/
archaeological) within the 2600-acre area.

TABLE 6.

( 1) Characterization and mapping of soils present within the project as area
boundaries will be conducted.

Trace metals and polynuclear aromatics will

also be analyzed in the soils and in sediments collected from the
Monongahela River (two stations) and at the mouths of Robinson and
Crooked Runs.

(2) A revegetation plan for the solid waste disposal area will be developed to
satisfy West Virginia solid waste regulations.

Stabilization considerations

will include both material and procedural aspects of top soil handling,
seedbed preparation, seeding, application of soil amendments, mulching
and maintenance.

TABLE 7.

( 1) Conduct two noise surveys (one winter and one summer) to establish
existing noise levels at established measuring points.

(2) Sampling for ichthyoplankton (fish larvae) will be conducted during
spawning times to assess the environmental affects of the raw water
intake structure.

concentrations, silicon, aluminum, copper,
calcium, and potassium represented the major
constituents. However, the concentrations of
these five elements were within the ranges normally observed in the atmosphere. Of the toxic
elements, only copper was slightly above normal background levels. Beryllium, chromium,
fluorine, lead, molybdenum, and selenium were
all within normal ambient ranges while arsenic,
cadmium, mercury, nickel, vanadium, and zinc
were below normal measured ranges.
West Virginia has no ambient standards for
trace elements. EPA has only a standard for
lead of 1.5 µ.gtm8, 3-mo average.
Pennsylvania has ambient 1te.ndards for the
following trace elements:
Element
Allowable Concentration

in detail all results of the data collection; rather,
only issues judged to be environmentally significant will be discussed.
Air

Table 8 summarizes the data collected in the
first S mo of the program. Of particular note is
the fact that the mean nonmethane hydrocarbon
(NCMC) value for the 3-mo period is essentially twice the EPA guideline. This is not considered unusual for heavily wooded areas such
as the Morgantown site. Sulfur dioxide values
average about 7 percent of the National Ambient Air Quality Standard (NAAQS), although
few data have been obtained with SE wind direction (i.e., the direction of a major source of
S02 in the area - an electrical power-generating
station).
The maximum 1-hr concentration for ozone
was 0.115 ppm, only slightly below the new
NAAQS of 0.12 ppm. This level was observed in
September (the only month that the instrument
operated properly). Of the 595 hourly observations, 16 (2.6 percent) exceeded the old 1-hr
NAAQS of 0.08 ppm. We see this as a potential
problem in that the theory of photochemical oxidant formation suggests that the highest levels
will be observed during the hottest months of
the year. Consequently, the exact situation
regarding ozone will not be known until summer
data are collected. This area of Pennsylvania
was previously listed as a nonattainment area.
A new designation, if any, has not been published in the Federal, Register. All other aspects
of air quality are well within the NAAQS.
Table 9 shows the data that have been obtained on the background levels of polynuclear
aromatics. These analyses are performed at
Gulf Science & Technology on the particulate
matter collected by high-volume air samples.
While no Federal or State standards exist for
these materials, the values are judged to be
quite low. We envision these analyses t.o be a
very important part of the post-operational
monitoring program.
A composite of the particulate material collected on four high-volume filters was analyzed
for trace· element concentrations using mass
spectrographic and atomic absorption techniques. Table 10 shows some of the data resulting from these analyses. Of the elemental

Lead
Beryllium
Sulfates
Fluoride

5 µ.g/m8, 30-day mean
0.01 p.g/ms, 30-day mean
10 µ.g/m 8, 30-day mean
5 µ.g/ms, 24-hr mean

The measured concentrations of lead, beryllium,
and fluoride were within these ambient standards, while the sulfate concentrations slightly
·exceeded the standards.
In terms of expected S02 emission from the
demonstration plant, Table 11 shows the results
of some preliminary dispersion calculations.
The table also shows the corresponding PSD
allowable increments. There are potentially 12
sources of S02 in the plant, but by far the major
source is the incinerator on the sulfur recovery
system. Current plans are to use a combination
of Claus unit and Super-Scot tail gas cleanup
unit.
During normal operations, all nonmethane hydrocarbons within the process will be within a
completely enclosed system with vapor recovery systems on all storage tanks and vessels.
The only source of fugitive emissions will be
leakage losses from valves, flanges, etc. If
measured according to the EPA's publication,
AP-42, "Guideline for Emission Factors," these
leabge emissions of total hydrocarbons from
the SRC-11 Demonstration Plant will be 28 lb
per 1,000 barrels of liquid hydrocarbon product.
With 16,058 barrels of liquid hydrocarbon products per day and 88.1 MM SCF (million standard
cubic feet) per day of gaseous product, fugitive
hydrocarbon emissions are estimated to be 450
lb/day, 18.7 lb/hr, or 2.86 g/s. Because some por368

TABLE 8. SUMMARY OF BACKGROUND AIR QUALITY DATA
(PPM)

POLLUTANT
Sulfur Dioxide

c.:i
al

OBSERVED LEVELS
3-hr. Max.

= 0.044

NAAQS
0.500 (Secondary)

24-hr. Max.: 0.012

0.140

3-Month Mean : 0.002

0.030 Annual

Ozone

= 0.03
3-Month Mean = 0.01
1-hr. Max. = 2.35
8-hr. Max. = 1.37
1-hr. Max. = 0. 115

NMHC

3-Month Mean

Particulate Matter

24-hr. Max.

260 ug1m 3

3-Month

7 5 uglm 3 Annual

Nitrogen Oxides

<O

Carbon Monoxide

24-hr. Max.

= 0.5

= 114 t1g1m 3
3
Mean = 49 1Jg/m

0.05 Annual
35.0
9.0
0.12
0.24 Guideline

TABLE 9. AMBIENT LEVELS OF POLYNUCLEAR AROMATICS

COMPOUND

CONCENTRATION (ug/m 3 )

Benz( a )Anthracene

0.000458

Benz( a )Pyrene

0.001044

Benz(e)Pyrene

0.000027
(none found)

Benz( g, h, i )Perylene

0.000516

Pyrene

tion of the leakage hydrocarbon losses will be
methane, leakage losses of nonmethane hydrocarbons will be somewhat less than this amount.
The leakage losses for the SRC-11 Plant will be
less than this amount. The leakage losses for the
SRC-Il Plant will be less than losses from conventional gas plants and oil refineries.
No specific estimation for benzene release to
the atmosphere has been made; however, such
releases are expected to be less than releases in
petroleum refineries. Analytical results on the
SRC-11 light oil (naptha) conducted at Gulf
Research & Development and at independent
laboratories have shown that the benzene content is less than 1.0 percent.

TABLE 10. TRACE ELEMENTS
ELEMENT
Aluminum
Bromine
Calcium
Copper
Iron
Lead
Magnesium
Manganese
Mercuri(
Phosphorous
Potassium
Silicon
Sodium
Sulfate
Sulfur
Tin
Titanium
Zinc

CONCENTRATION (ug1m

3

)

1.26
0.01
0.46
0.59
0.30
0.09
0.25
0.02
0.0002
0.16
0.39

Water

2.06
0.11

In the area of surface water analyses,
quarterly (seasonal) analyses are being made on
the Monongahela River at three stations and on
the various tributaries that traverse the plant
site (i.e., Robinson Run, Crooked Run, and
Crafts Run). Table 12 summarizes the summer
and fall analyses. Rather than show the com-

13.97
0.25
0.01
0.05
0.08
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TABLE 11. MAXIMUM GROUNDLEVEL SULFUR DIOXIDE CONCENTRATION ESTIMATES
SRC-11 DEMONSTRATION PILANT

MAXIMUM S0 2 CONCENTRATIONS (ug!m 3 )

~
....

EMISSION SOURCE

3-HOUR

24-HOUR

ANNUAL

1
2

9.9

0.1

2.1

3.9
0.8

3
4
5
6
7
8
9
10
11
12

8.4

3.3

1. 7

0.7

0.0
0.1
0.0

0.2
80.3
1.2

0.1
31. 7
0.5

0.0
0.8
0.0

0.2
1.0
2.1
0.2

0.1
0.4

0.0
0.0
0.0
0.0

0.6

0.8
0.1
0.2

107.9

42.6

1.0

512

91

20

TOTALS
Federal PSD
Class II Standards

o.o

TABLE 12. SUMMARY OF SUMMER AND FALL SURFACE WATER ANALYSES

pH

exceeds existing and proposed criteria in Robinson
and Crafts Run, August and November.

Arsenic

exceeds existing and proposed criteria in Robinson
Run, August.

Lead

exceeds existing and proposed criteria in Robinson
Run, November.

Manganese

-

meets or exceeds the proposed criteria in every
sample, August and November.

Iron (total)

exceeds the ,proposed criteria in many of the
tributary samples, August and November.

Phenols

-

exceeds proposed criteria in Crooked Run, August.

(Pacific Northwest Laboratory), and Gulfs Research Laboratory in Harmarville, Pennsylvania. With no firm analytical data on the hazardous nature (as defined by the Resource Conservation & Recovery Act) of the waste material, .
current plans call for managing and disposing of
the initial material according to the most restrictive regulations. If the analytical results obtained during the initial phase of demonstration
plant operation show the material to be "nonhazardous," appropriate changes will be made
to the disposal plans.

plete list, the table indicates parameters that
currently exceed proposed water quality criteria. Our sampling program has been modified
to obtain additional data on these particular
parameters and streams.
The polynuclear aromatic analyses of surface
water is shown in Table 13. As in the case with
ambient air levels of PNAs, we view the continuation of these analyses to be an important part
of the post-operational monitoring.
In terms of the effect of the plant on water
quality, current engineering design calls for
zero discharge of liquid effluents. This is accomplished by (Table 14):
• Recycling of sour water after cleanup,
• Recycling of boiler and cooling tower
blowdowns after evaporation,
• Recovery of process sewer water via an oilwater separation,
• Collection and processing of rainwater
runoff resulting from a 10-yr 24 hr storm,
• Tertiary treatment of sanitary sewage, and
• Incineration of all sludges and solids obtained by these operations.
In addition, ammonia and tar acid recovery
units will be an integral part of the plant design.
Consumptive use of water is a problem that
all conversion plants must face. While it is not as
severe a problem in the East as in some Western States, when a project consumes approximately 4,000 gal/min of water, there are environmental concerns that must be addressed.
The U.S. Army Corps of Engineers has indicated that the Monongahela River can supply
sufficient water for the project except during
periods of extreme drought (e.g., droughts from
the 1930's and 1950's. However, with the completion of Stonewall Jackson Dam, now under
construction on the West Fork River, the Corps
has indicated that ample water flow should be
available not only for the demonstration plant
but also for a full-size commercial plant.

Health Effect

The overall development of the SRC process
has included, in addition to the technical development of the process, various health programs,
environmental studies, trace element studies,
engineering studies, and product characterization and market development studies. The
health programs under the SRC pilot-plant contract include an industrial hygiene monitoring
program, an employee hygiene and education
program, a medical surveillance program, and a
toxicology program. Similar programs are anticipated for the SRC-II demonstration plant.
The principal objectives of the pilot plant
health programs are:
• Protecting the workers from exposure to
materials that could result in adverse health
effects:
• Monitoring the worker environment to
measure the extent and nature of exposure,
both to safegard health and to identify needs
for additional engineering controls or process modifications: and
• Assessing the toxic characteristics of the
SRC materials through extensive bioassay
studies.
Process modification and control technology
needs identified in the pilot plant can be incorporated in the demonstration plant.
Only limited prior experience is available in
the area of hydroliquefaction of coal. Similar
technology· was practiced in Germany during
and prior to World War II with a maximum of 12
plants operated; peak production was about
100,000 bbl/d of distillate products. Little health
information was obtained from these operations. Union Carbide operated a 300-ton per day
coal liquefaction plant at the Institute of West
Virginia, from 1952 to 1956. Elevated levels of

Solid Wastes

By far, the largest volume of solid waste
generated in the SRC-11 demonstration plant
will be the gasifier bottoms. This material,
which amounts to approximately 800 ton/day, is
expected to be very similar to the bottoms from
a coal-burning facility. Analytical programs
aimed at characterizing this material are underway at Oak Ridge National Laboratory, Battelle
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TABLE 13. POLYNUCLEAR AROMATIC CONTENT OF SURFACE WATERS
(PPT)

.,.

C.:I

~

Benz(a)
Anthracene

Benz(a)
Pyrene

Benzo(e)
Pyrene

Benzo(g,h, i)
Perylene

Pyrene

0.0

0.0 - 0.4

0.0

0.0

2.0

Crooked Run

0.0 - 39.0

0.0 - 3.0

0.0

0.0

43.0

Crafts Run

0.0 - 34.0

0.0 - 7.0

0.0

0.0

24.0

o.s

0.0

0.0

11.0 -28.0

Robinson Run

Monongahela River

0.0

0.0 -

TABLE 14. WASTEWATER TREATMENT

( 1)

Recycling sour water after cleanup.

(2)

Recycling boiler and cooling tower blowdowns after evaporation.

(3)

Recovery of process sewer water via an oil-water separator.

(4)

Collection and processing of the quantity of rainwater runoff equivalent
to the 10-year 24-hour flood.

(5)

Tertiary treatment of sanitary sewage.

(6)

Incineration of all sludges and solids obtained by these operations.

skin cancer were observed in the Institute plant
population. 1 Many precautionary measures of
the health programs at the SRC pilot plant were
designed based on the Institute experience.

The employee educational program consists
of new employee orientation and continuing
education. The new employee orientation con·
sists of an audiovisual slide presentation des·
cribing the plant, potential exposures in the
plant, and appropriate protection techniques.
After the slide presentation, the new employee
is given the SRC Health Protection Manual and
required to read it. Then the employee is taken
through the locker room change house area and
shown the proper entrances and exits within
the area, proper disposition of soiled clothing,
and proper storage of clean work clothing and
street clothes. Similar training is anticipated for
the SRC·II demonstration plant staff.
Each process area employee is issued rubber
boots and/or leather safety shoes, work uni·
forms, underclothing, socks, work coats, hard
hats, barrier creme, and skin emollient. Employees working in areas of possible exposure are
required to wear the company-supplied clothing, shoes, and appropriate safety equipment.
Pilot-plant employees are required to change
into the company-supplied clothing before going
into the work area and to remove that clothing,
shower, and change to their street clothing be·
fore leaving after their shift. To change, facilities are divided into clean areas, dirty areas,
and shower areas to minimize contamination of
individuals and clothing. These procedures have
been discussed in detail elsewhere.2• 3
Experience gained in the pilot plant, together
with the available results from the toxicology
program and estimates of potential exposures
from the SRC-II demonstration design effort,
will be used to develop appropriate protective
clothing and personal hygiene programs for the
SRC·II demonstration plant.

Industrial Hygiene Monitoring Program-

A two-phase industrial hygiene program was
designed and implemented at the SRC pilot
plant. The first phase was an intensive datagathering effort. Following the data gathering
and interpretation, an ongoing monitoring program was begun to document the continuation
of the low exposure levels observed during the
initial phase and to alert plant personnel to increased exposures from equipment failures or
process modifications. Findings of the monitoring program may indicate the need for additional engineering controls of process modifications in the pilot plant or in subsequent plants.
Table 15 summarizes the principal studies
under the industrial hygiene monitoring program and reports typical findings during SR-I
and SRC-II operation. The results of these
studies indicate, in general, low worker ex·
posures. Details of these studies have been
reported elsewhere.2• 3 Monitoring and charac·
terization development work is underway in
two areas: the development of accurate and
reproducible measurements of particulate
polycyclic aromatic hydrocarbons, as benzene
solubles;• and quantification of dermal ex·
posure.
Results of the pilot-plant industrial hygiene
monitoring program will be directly useful in
planning and implementing appropriate programs in the SRC·II demonstration.
Employee Personal
Hygiene and Education-

The pilot-plant employee personal hygiene
and educational program has two major objec·
tives:
• To inform the employee of the known and
potential hazards in the work environment,
particularly those associated with exposure
to coal-derived materials, and to motivate
the employee to use the protective meas·
ures available: and
• To provide the employees with protective
equipment, clothing, facilities, and tech·
niques needed to minimize the potential haz·
ard.

Medical Surveillance Program-

Each process-explored employee at the pilot
plant is given a detailed preemployment medi·
cal examination and an annual followup exami·
nation. This is supplemented by a quarterly skin
examination by the plant nurse and the referral
of observed skin problems to a dermatologist.
The preemployment and annual examinations
consist of a medical history, a complete physical
examination, a complete blood count, blood
chemistries, urinalysis, chest X-rays, and careful examination of the skin for evidence of le·
sions. Pulmonary function tests are performed
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TABLE 15. SOLVENT-REFINED COAL PILOT-Pl.ANT MAJOR INDUSTRIAL
HYGIENE STUDIES AND TYPICAL RESULTS

OPERATION
SRC-1
Airborne Organic Vapors, ppm

<0.1

Benzene Vapor, ppm

<<1

Total Suspended Particulates, mg1m 3

~

Asbestos Fibers, fibers/ml
Hydrogen Sulfide, ppm

0.7

<0.1

Trace

SRC-11
<0.1
<<1

- 0.6

*
Trace

Sulfur Dioxide, ppm

<0.04

< 0.04

Phenolic Vapors, ppm

<0.008

< 0.008

*

No asbestos used in plant during SRC-11 operation.

materials was recommended to ERDA. The proposed work included various acute and subacute
tests and chronic skin painting studies. The
scope of work was subsequently expanded to include chronic inhalation studies and teratogenic
studies. Animal testing at a contract laboratory
began early in 1977. This initial program (summarized in Table 17) was, of course, devoted to
SRC-1 products and process materials. It was
terminated in June 1978 because of several problems in the contract toxicology laboratory .5 A
revised toxicology program that includes studies of SRC-11 materials has been proposed. The
SRC-II portion of the proposed program is summarized in Table 18. A complementary program
has been developed at the Battelle Pacific
Northwest Laboratory.

by a plant nurse. A detailed description of the
program bas been previously presented. 2
Evaluation of the findings of the medical surveillance program has indicated no discernible
changes in the medical profiles of the exposed
employees. The only known occupational health
problems encountered at the SRC pilot plant
are mild transient dermatitis from skin contact
with coal-derived materials. Table 16 summarizes medical observations during the period of
pilot-plant generation.
The most common medical problem has been
eye irritation with 50 to 60 cases, approximately
10 of which involved substantial quantities of
coal-derived solvents contacting the employees'
eyes. In all cases, these eye irritations responded satisfactorily to first aid treatment consisting of eye irrigation with saline solution.
Followup medical examination by an ophthalmologist confirmed the absence of any prolonged or permanant eye damage. The strongly
irritating characteristic of the lower boiling
fractions of SRC liquids is attributed to their
phenolic content.
About 25 cases of transient erythema and
multiple cases of mild foliculitis (mechanics'
acne) have been observed. These cases have
responded well to temporary suspension of exposure.
One employee developed a squamous cell cancer of the lower lip. The employee had previously worked 9 yr in a petroleum refinery and
was a cigarette smoker. The Washington State
Board of Industrial Insurance Appeals determined that the cancer was not related to his
employment in the SRC pilot plant.
The present experience with the SRC pilotplant employee population has not revealed any
of the problems experienced at the Institute
plant population, where 60 skin lesions were excised from a group of 359 coal hydrogenation
workers during a 5-yr period. 1 The intensive
employee health programs, functioning at the
SRC pilot plant essentially since startup, seem
to account for ihe major differences between
the plants. Similar continuing medical surveillance of process-exposed personnel will be implemented at the SRC-11 demonstration plant.

Summary-Health Effects

Extensive industrial hygiene monitoring,
employee education and hygiene, medical surveillance, and toxicology programs have been
implemented during the development of the
SRC process. The level of effort is probably unprecedented for a nonnuclear fuel of commodity
process development effort. Results to date
have been generally reassuring; measured
worker exposures have been low; medical profiles of plant personnel have remained essentially unchanged; preliminary toxicology work has
not indicated exceptional toxicity problems.
The worker protection, employee education,
industrial hygiene monitoring and medical
surveillance programs employed during the
pilot-plant program will provide the basis for
those activities in the demonstration plant. As
additional information on toxicological properties, worker health experience, and demonstration plant VlOrker exposures becomes available,
the health programs will be reviewed and modified as needed.
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Toxicology Program-

In early 1975, a toxicology program on SRC-1
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TABLE 16. SOLVENT-REFINED COAL PILOT-PLANT
MEDICAL ·oasERVATIONS

DESCRIPTION
Eye Irritation

NO. OF INCIDENTS

NO. RELATED TO
SRC WORK

50-60

Most

25

25

Multiple

Most

1

0

o:i

~

Erythema
Foliculitis (mechanics acne)
Skin Cancer

TABLE 17. SOLVENT-REFINED COAL PROCESS SUMMARY OF
ORIGINAL TOXICOLOGY PROGRAM

=-------::::::
I

Process Coal Fiiter
Solvent Slurry Feed

Acute Oral Range Finding
in Rats
Acute Dermal Toxicity in
Rabbits

x

x

x

x

x

x

Guinea Pig Skin Sensitization

x
c
c

x
c

x
c

Eye Irritation in Rabbits
c:.o

00
0

Acute Inhalation Range
Findings in Rats
Subacute Dermal Study in
Rabbits
Subacute Inhalation Toxicity
in Swiss Mice
Dermal Teratogenicity
in Rats
Dermal Teratogenicity in
Rabbits
Inhalation Teratogenlcity in
Rats and Rabbits
Two-year Skin Painting in
Mice
Two-year Inhalation
Carcinogenesis
X : material to be studied
C : study completed

Dry
Wet
Mineral Mineral Light
Residue Residue
Oil

c
c
x
c

Wash
Solvent

x

x

x

x

x

x

x
c

x
c
c

x
c
c

x

x

Pulver- Pulverlzed
ized
SRC
Coal

c
c
x
c
x

c
x

c
x

c
x

c

x

x

p

p

p

p

p

p

p

D

p

p

x

x
x

x
x

x
x

c
x

x

c

x

x.

p

x
x

=

P
pilot study completed
D : study deleted, impractical to aerosolize filter feed

p

TABLE 18. REVISED TOXICOLOGY PROGRAM PROPOSAL
SRC-11
Task

Task I

Acute Studies

"aterials
Coal Slurry
Stripper Tower
Bottoms

Product Fuel

on

· Yaccuu111
Bottoms

-

.;

....... .,o
~~ ..... -r'-

-o
'- 0

0-1

0-1

........

..•,, .........
c

·- Cft

c

<:J ... .,,

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Task l

2

Denna 1 Studies
• "D

'- '......

... ::c"'

O.N

oC

X • Material to be studied
• • P11ot study necessary

90-Day*
Rabbit

x

18-fto.*
Mouse

x

Task 5

Task 4

Reoroduct1ve Toxtcoloov
Teratoloav
Dermal
Multfgen.
Dennal*
lnhal. *
Rat
Rat/Rabbit Rat/Rabbit

IMuta-

Inhalation
lnhal.
LCSO

90-Day*
Rat

9enf city

2-Year
Rat

x

x

x
x

x

x

x

x

x

x

x

In Yftro

x

x

x

x

x

x

x
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ENVIRONMENTAL ASSESSMENT REPORT: ·SOLVENT-REFINED COAL
Kevin J. Shields
Hittman Associates, Inc., Columbia, Maryland·

Abstract
Environmental assessments reports lEARs)
have been developed by the U.S. Environmental
Protection Agency (EPA) to provide assistance
in meeting commitments to preserve environmental quality. EARs are applicable both to
emerging coal gasification and liquefaction systems. This paper addresses the environmental
assessment of coal liquefaction via solvent refined coal (SRC).
An overview of the hypothetical SRC system
considered is made. Potential sources of air
emissions, water effl,uents, and solid waste discharges are identified. Applicable control alte,..
natives for the discharges are discussed. Based
on utilization of these controls, a summarized
version of the multimedia environmental goals
(MEGs) and source analysis models (SAMs) applied to SRC system discharges is presented,
highlighting existing areas of environmental
concern. Research needs for subsequent envi·
ronmental assessments of SRC also are noted.

coal into clean-burning gaseous, liquid, and/or
solid fuels by noncatalytic direct hydrogenation.
There are two basic system variations: SRC-I,
which produces a solid, coal-like primary product of less than 1.0 percent sulfur and 0.2 per. cent ash by weight; and SRC-Il, which produces
low-sulfur fuel oil (0.2 to 0;5 percent sulfur by
weight) and naphtha as primary products. Both
system variations produce significant quantities
of gaseous hydrocarbons, which are further
processed to yield substitute natural gas (SNG)
and liquefied petroleum gas (LPG) products.
Some constituents formed during coal hydrogenation may be recovered as byproducts.

ENVIRONMENTAL OVERVIEW OF SRC
SYSTEMS
Major inputs to SRC systems consist of coal,
water, and air. Major products consist of gaseous and liquid hydrocarbons. Sulfur, ammonia,
and phenols are recovered from waste streams
as byproducts. The SRC-I and SRC-11 systems
are defined to consist of the following system
operations,1 which perform specific functions
essential to solvent refining: .
• Coal pretreatment: preparation of the coal
feed to meet system specifications for size
and moisture content.
• Coal liquefaction: reaction of feed coal with
hydrogen, yielding a three-phase mixture of
increased liquid and gaseous hydrocarbon
content.
• Separation: includes all necessary phase
separations. Gas separation and solids/liquids separation processes are employed in
SRC systems.
• Purification and upgrading: a fractionation
process is used to separate components of
the raw liquid products mixture by distillation, because of differences in boiling points.
A hydrotreating process may be optionally
employed to upgrade the quality of fractionated product liquids.
In addition, SRC systems require the following
auxiliary processes incidental to the functions of

INTRODUCTION
As part of its goal of maintaining the nation's
environment, the U.S. Environmental Protection Agency's (EPA) Industrial Environmental
Research Laboratory at the Research Triangle
Park UERL/RTP), N.C., is directing an effort to
evaluate the environmental aspects of emerging
coal conversion technologies. Hittman Associates, Inc. (HAU, a prime contractor to
IERL/RTP, is responsible for environmental
analysis of coal liquefaction systems. Environmental assessment reports (EARs) were developed to provide best available environmental
assessment data on specified coal conversion
systems in a standardized format, thereby
facilitating utilization by EPA personnel and
other researchers in the field. This paper
discusses a draft EAR prepared by HAI addressing solvent refined coal (SRC) liquefaction
systems.
SRC systems convert high·sulfur coal and ash
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the system operations:1 coal receiving and
storage, water supply, water cooling, steam and
power generation, hydrogen generation, oxygen
generation, acid-gas removal, hydrogen/hydrocarbon recovery, sulfur recovery, ammonia
recovery, phenol recovery, and product/byproduct storage facilities.
Figure 1 is a flow schematic of the SRC-1
(solid product) system that shows how the system operations and auxiliary processes transform the major input materials into products
and byproducts.1 Comparison of Figure 1 with
Figure 2, the SRC-II Oiquid product) system
flow diagram, identifies the major differences in
the two processing schemes as follows:1
• The SBC-I feed slurry consists of feed coal
mixed with system-derived solvent produced in the fractionation process. SBC-ll
feed slurry consists of feed coal mixed with
product slurry from the gas separation process.
• In the SRC-1 system, solids/liquids separation precedes fractionation; in the SRC-ll
the sequence of these processes is reversed.
Solids/liquids separation in SRC-1 is most
likely to be performed by ftltration, producing the filter cake sent to hydrogen generation. In SBC-II, solids/liquids separation is
achieved by vacuum distillation, which produces a bottom residue of high mineral matter content to be gasified in the hydrogen·
generation process.
Waste discharges to air, water, and land
media are identified in Figure 3. Discharges
specific either to the SRC-1 or SBC-Il system
are noted. Subsequent discussions of discharge
characteristics, applicable control technologies,
and environmental impact asse11ment are
based on a hypothetical SBC-Il commercialscale facility, although the preliminary results
may be conaidered representative of SRC-I.

•

•

•

•

•

•

Waste Streams to Air
As shown in Figure 3, air em1ss1ons are
associated with a majority of the processes that
make up the SBC systems. In addition to the air
emissions sources shown, fugitive emissions,
such as .vapor leaks from pressurized process
equipment, may occur in the SRC systems. 1
Emissions shown in the figure are outlined
below.
• Flue g~es: ~ue gases are produced by com-

•
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bustion units (primarily preheaters) during
liquefaction, fractionation, solids/liquids separation, hydrotreating, hydrogen generation, and sulfur recovery. Assuming the
SNG and LPG products are used as fuel in
these units, minimal environmental effects
are anticipated.
Coal dust: coal handling, processing, and
storage in coal receiving and storage, and
coal preparation result in particulate coal
dust entering the atmosphere. Composition
of the dust is the same as that of the raw
coal.
Dryer stack gas: to conform to system feed
specifications for moisture content, feed coal
is dried in the coal pretreatment operation.
The stack gas produced by coal drying contains particulate coal and possible volatil·
ized hydrocarbons present in the raw coal.
Vapors and particulates from cooling: mineral residue resulting from solids/liquids
separation (in the SBC-II mode) and SRC
product from fractionation (in the SBC-I
mode) require cooling. Air cooling of these
substances may result in emissions of particulate solids and hydrocarbon vapors. Insufficient data exist to characterize these
emissions and estimate environmental effects.
Drift and evaporation: the cooling tower
loses water to the environment as water
vapor. Chemical additives used in water
cooling may also be present in this emission.
Boiler stack gas: presumably, coal is fired in
the boilers of the steam and power generation auxiliary proeeas. The resulting stack
gas contains oxide of sulfur and nitrogen and
particulates in the form of fly ash. Utilization of SRC system products is one alternative for reducing these emissions.
Nitrogen-rich gas: the cryogenic oxygen
generation process separates an oxygen-rich
gas from ambient air for use in the hydrogen
generation process. Other components of
the air (mainly nitrogen) are discharged. as
an air emission.
Carbon dioxide-rich gas: production of hydrogen by gasification produces a mixture of
gases. An acid-gas removal unit separates
sulfur gases (primarily hydrogen sulfide)
from the gasifier product gas. This stream is
sent to sulfur recovery. An additional acidgas removal stage removes a stream of near--
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LIGHT OILS
TD
@

H:OOUC T/IY-PltOOUCT

STORAGE

••

'"°CIUCTS TO

ot STAl-aJTIOll

IY-NilOUtTS t;
DISTAllUTIOll

---·.

·- @
SOllDS/t..IQulDS

flA(T10U.ll0. ~-IO_T_T_
. ._
. _.. 5.(f'AUTIOll

t-----.-----i

c-. ,.
H Al9

<§
Ll(;"T D:STILLATl
~-----

K1.1nau LOA4.

...

C~ "lCllVI"'

(t)AL

,.....

....

WA.TU

ro

COOlla.,.

ST~l

•fl•

I

..

ll'M, I {.( •( IU TI 0.

•n•• ,..,. cs:OJUUM JllOI

1)_!)

•1'1•

<1!1

'lll(UftOll

(,AS TO

...

•.I~

'0

;JJ .a110 -~

...

ll.n'1•
""'U.ftlMI

"

O&T,lll TO

'111

'-· ...

ACID co.AS
lll'OWAL

~S

TC

~])

.....

,Ii

-

'"''""

Q.(0-t.lt

1~!1

•\

':.ULf\11

.;-:-'r

·-... •

V\S'tl..,_Tll

·i~·

-··
..

11.tDVlAr

·-

•l\lldfU

I

""....

llfCOVUtT

,,

.

ucowU•

;,];

...

r:

~-1

-'!1,,1(.MT Olli TJ

LIQutD UC

ruu. "'

I

NOOuC. TllY-,IOOUC1
~fOMCOl

SU\fUI

""(MOl\--,_1_8 _ _ _ _ __,

Figure 2. Flow diagram of SRC-11 system.
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Figure 3. Source of waste discharges in SRC systems.
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ly pure carbon dioxide.
• Low-sulfur effluent gas: sulfur-bearing acid
gases from hydrogen generation and SRC
system operations are treated to convert
sulfur gases to elemental sulfur.
• SRC dust (SRC-1 mode) and sulfur dust:
handling and storage of SRC system solid
products and byproduct sulfur result in release of dust to the environment.
• Hydrocarbon vapors: liquid products of
SRC systems contain volatile hydrocarbon
components. Care must be exercised in handling and storage of these liquids to minimize emissions.

ing, hydrogen generation, and hydrogen/by·
drocarbon recovery contain significant quantities of ammonia. These wastewaters are
combined and input to the ammonia recovery process. The effluent wastewater exiting ammonia recovery contains hydrogen
sulfide, phenols, hydrocarbons, and traces of
ammonia. This stream is directed to the
main wastewater treatment facility.
• Process wastewater from phenol recovery
process: the gas separation operation removes gaseous constituents of the lique·
faction reactor effluent. Condensation of the
gases yields a phenol-rich aqueous phase,
which is sent to the phenol recovery process.
After phenol recovery the wastewater
stream, containing hydrocarbons, ammonia,
hydrogen sulfide, and traces of phenol, is
combined with other process wastewaters
(from hydrogen generation, acid-gas removal, and ammonia recovery) during wastewater treatment.

Waste Streams to Water

Sources of wastewater shown in Figure 3 are
briefly discussed below.
• Coal pile runoff: precipitation striking the
raw coal in coal receiving and_ storage and
coal preparation infiltrates the coal pile.
During this contact, leaching of both organic
and inorganic constituents of the raw coal
occurs. Runoff water is collected for treat·
ment.
• Thickener underflow: wastewater from the
coal pretreatment operation is routed to a
thickener. Clarified water is recycled to coal
preparation. The underflow stream contains
a high level of suspended solids and coalderived organic constituents.
• Cooling tower blowdown: drift and evapora·
tion from the cooling tower result in in·
creased concentrations of dissolved and suspended solids in the process cooling water.
A blowdown or "bleed" stream is withdrawn
to maintain dissolved and suspended solids
concentration within design specifications.
• Process wastewater from hydrogen generation: wastewater from hydrogen generation
may contain tars, oils, and ammonia. This
stream is directed to the main wastewater
treatment facility.
• Proces.s wastewater from acid-gas removal:
a purge stream is removed from the aminebased acid-gas removal process to maintain
the concentration of amine and to remove
spent amines that have formed nonregenerable compounds. This stream is directed to
the main wastewater treatment facility.
• Process wastewater from ammonia recov·
ery process: wastewaters from hydrotreat-

Waste Streams to the Land

Sources of solid wastes in SRC systems are
also shown in Figure 3. Sources and characteristics of solid wastes are described below.
• Coal-cleaning refuse: refuse is a mixture of
mineral matter (such as slate and tramp
iron), water, and coal. Refuse is recovered
during coal sizing and drying.
• Excess residue (SRC-11 mode) or filter cake
(SRC-1): depending on the method of hydrogen production employed in SRC systems,
the possibility exists that excess SRC-II
mineral residue of SRC-1 filter cake may be
produced. These solids consist of mineral
matter present in the feed coal and high
molecular weight hydrocarbon species.
• Spent catalysts: the hydrotreating operation uses a catalyst to upgrade coal liquids.
A catalyst also may be employed in the shift
converter of the hydrogen generation process. In order to maintain conversion efficiencies, catalysts must be withdrawn periodically and replaced with fresh ones.
• Ash from steam and power generation: ash
is the oxidized mineral matter present in
coal fed to the boilers.
• Slag or ash from hydrogen generation: gasification of mineral residue or filter cake to
produce hydrogen converts mineral matter
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to ash. If a high-temperature gasifier is used,
the ash may fuse and be recovered as a slag.

and site-specific factors. The treated water is
then discharged to receiving waters.
The remaining process wastewater discharges are combined during treatment in the
main wastewater treatment facility. Two alternative wastewater treatment schemes, shown
in Figure 4, are considered applicable to treatment of the water discharges.

CONTROL TECHNOLOGY FOR
SRC SYSTEMS

Environmental impact assessment of waste
streams from SRC systems is based on application of the control methods described in this section. Selection of control practices is primarily
based on work efforts contributing to preparation of the EAR 1 and a previous report by Rogoshewski et al. 2

Control of Solid Wastes

Preferred control and disposal alternatives
for solid wastes discharged from SRC systems
are summarized in Table 3. Most of the solids
appear suitable for direct landfilling or minefilling without predisposal treatment. Spent catalysts produced may be returned to the manufacturer for analysis and subsequent regeneration
or disposal. Should catalyst regeneration be
technically or economically unfeasible, additional research is recommended to determine if
predisposal treatment of the catalysts is required. Mineral residue from SRC-II and filter
cake from SRC-I are not well-characterized
materials. If economically feasible, it is recommended that these materials be gasified to
recover available energy. The slag or ash produced by gasification may be disposed of as
solid waste.

Control of Emissions to Air

Suggested control alternatives for controlling
air emissions from SRC systems are given in
Table 1. Final selection of controls for an actual
facility should be based on regional, regulatory,
economic, and site-specific considerations.1 Accidental vapor discharges may occur because of
leaks caused by mechanical failure of equipment. Accidental release control is best
achieved by routing emergency vent gases into
a header that directs them to the flare system.
Development and implementation of preventive
maintenance measures are essential to minimize accidental air emissions because of equipment failure. 2

ASSESSMENT OF ENVIRONMENTAL
IMPACTS

Control of Water Effluents

Table 2 summarizes the preferred control
alternatives for treating water effluents from
SRC systems. In addition to the discharges
shown in the table, accidental leaks may occur,
although they can be minimized by good preventive maintenance procedures. In addition, SRC
facilities should develop a material spills contingency plan including provisions for spills
detection, containment, recovery, and disposal.2
Runoff from coal preparation, receiving, and
storage is combined with thickener underflow
from coal preparation and sent to a tailings
pond. Overflow from the thickener is recycled
to the coal-cleaning process.
Cooling tower blowdown is treated to remove
dissolved solids. Lime softening, ion exchange,
and reverse osmosis are processes used to reduce dissolved solids content. Selection of sidestream treatment should be based on more detailed analysis of regional, economic, regulatory,

This section discusses environmental impacts
associated with SRC waste discharges to air,
water, and land media. 1 In addition, environmental aspects of handling and utilization of
SRC products are addressed.
Impacts on Air

Analysis of existing information indicates
that dust emissions from coal receiving and
storage and coal preparation, low-sulfur effluent
gas from sulfur recovery, boiler flue gas from
steam and power generation, and the emission
from the flare system should be regarded as
those emissions to air of greatest environmental
concern. Component pollutants of concern are
summarized in Table 4, based on SAM/IA analysis using health-based minimum acute toxicity
effluent (MATEs) for evaluation of degree of
hazard.1 Trace element data given in these
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TABLE 1. SUMMARY OF AIR EMISSIONS CONTROL TECHNOLOGY
APPLICABILITY TO SRC SYSTEMS
Operation/Process

Air Emissions Discharged

Preferred Control Technology Applications

Coal preparation

Coal dust

(1)
(2)

Spray storage piles with water or
polymer.
Cyclones and baghouse filters for
control of dust due to coal sizing.

Particulate-laden flue
gas from coal dryers

(1)
(2)

Cyclones and baghouse filters.
Wet scrubbers such as venturi.

Preheater flue gas

(1)

None required (fired by SNG).

Pressure letdown releases

(1)

Flaring

Gas separation

Pressure letdown releases

(1)

Flaring

Fractionation

Preheater flue gas

(1)

None required (fired by SNG).

Particulate-laden vapors
from product cooling (SRC-I)

(1)

(2)

Cyclone and baghouse filter.
Wet scrubbers.

Pressure letdown releases

(1)

Flaring

Preheater flue gas

(1)

None required (fired by SNG).

Particulate-laden vapors
from residue cooling (SRC-II)

(1)
(2)

Cyclone and baghouse filter.
Wet scrubbers.

Pressure letdown releases

(1)

Flaring

Hydrotreating

Preheater flue gas

(1)

None required (fired by SNG).

Coal receiving and storage

Pressure letdown releases
Coal dust

(1)
(1)

Flaring
Spray storage piles with water or
polymer.

Liquefaction

Solids/liquids separation

(Continued)

TABLE 1 (continuedJ
Preferred Control Technology Applications

Operation/Process

Air Emissions Discharged

Water supply

None

Water cooling

Drift and evaporation

(1)

No controls available - good design
can minimize losses.

Steam and power generation

Boiler flue gas

(1)

Sulfur dioxide scrubbing with aqueous
magnesium oxide solution.

Hydrogen generation

Carbon dioxide rich gas

(1)

None required.

Preheater flue gas

(1)

None required (fired by SNG).

Oxygen generation

Nitrogen rich gas

(1)

None required.

Acid gas removal

Pressure letdown releases

(1)

Flaring

Sulfur recovery

Flue gas

(1)

None required (fire-:! by SNG).

Low-sulfur effluent gas*

(1)
(2)
(3)

Carbon adsorption.
Direct-flame incineration.
Secondary sulfur recovery.

Hydrogen/hydrocarbon recovery

Pressure letdown releases

(1)

Flaring.

Ammonia recovery

None

Phenol recovery

None

Product/by-product storage

SRC dust (SRC-I)

(1)

Spray storage piles with water.

Sulfur dust

(1)

Store in enclosed area.

Hydrocarbon vapors

(1)

Spills/leaks prevention.

*

A secondary sulfur recc·very process may be necessary to meet specified air emission standards.

TABLE 2. SUMMARY OF WATER EFFLUENTS CONTROL TECHNOLOGY
APPLICABILITY TO SRC SYSTEMS
Operation/Process

· Coal preparation

Water Effluents Discharged

Preferred Control Technology Applications

Coal pile runoff

(1)

Route to tailings pond.

Thickener underflow

(1)

Route to tailings pond.

(1)

Route to tailings pond.

(1)

Sidestream treatment (electrodialysis,
ion exchange or reverse osmosis) permits discharge to receiving waters.

(1)

Route to wastewater treatment facility.*

(1)

Route to wastewater treatment facility.*

(1)

Route to wastewater treatment facility.*

Liquefaction

None

Gas separation

None

Fr act iona t ior.

None

Solids/liquids separation

None

Hydrotreating

None

Coal receiving and storage

Coal pile runoff

Water supply

None

Water coo!irn>

Cooling tower blowdown

Steam and power generation

None

Hydrogen generation

Process wastewater

Oxygen generation

None

Acid gas removal

Process wastewater

Sulfur recovery

None

Hydrogen/hydrocarbon recovery

None

Ammonia recovery

Precess wastewater .

(Continued)

TABLE 2 (continued)
Operation/Process

Water Effluents Discharged

Preferred Control Technology Applications

Phenol recovery

Process wastewater

(1)

Product/by-product recovery

None

*

Two

altern~tives

Route to wastewater treatment facility.*

for the wastewater treatment facility are shown in Figure 4

WASTEWATER
FROM AMMONIA
RECOVERY

HYDROGEN SULFIDE TO SULFUR RECOVERY
AMMONIA TO STORAGE

STEAM
STRIPPING
EFFLUENT
WATER

WASTEWATER
FROM
PHENOL RECOVERY

API
SEPARATOR
EFFLUENT
WATER

WASTEWATER
FROM
HYDROGEN
GENERATION

EQUALIZATION
EFFLUENT
WATER
DISSOLVED
AIR
FLOTATION
EFFLUENT
WATER
TO ALTERNATIVE I OR II

ALTERNATIVE

ALTERNATIVE II

EFFLUENT WATER

EFFLUENT WATER

BIOLOGICAL TREATMENTEXTENDED AERATION

BIOLOGICAL TREATMENT AERATED LAGOON

i

EFFLUENT
WATER

EFFLUENT
WATER

I

FILTRATION

SE TTL I NG
BASIN

+

OISCHARGE
TO RECEIVING

DISCHARGE
TO RECEIVING
WATERS

WATERS

Figure 4. Two wastewater treatment alternatives
applicable to SAC systems.
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TABLE 3. SUMMARY OF SOLID WASTES CONTROL TECHNOLOGY
APPLICABILITY TO SRC SYSTEMS
Operation/Process

Solid Wastes Discharged

Preferred Control Technology Applications

Coal preparation

Refuse

(1)
(2)

Landfill
Dumping (Minefill)

Liquefaction

None

Gas separation

None

Fractionation

None

Solids/liquid separation

Excess residue (SRC-II)
or filter cake (SRC-I)

(1)

Gasification to recovery energy content
followed by disposal (landfill or
minefill)

Hydrotreating

Spent catalyst

(1)

Return to manufacturer for regeneration

Coal receiving and storage

None

Water supply

Sludge

(1)

Dewatering followed by landfilling

Water cooling

None

Steam and power generation

Ash

(1)

Landfill
Dumping (Minefill)

(2)

Hydrogen generation

Ash or slag

(1)

(2)

Oxygen generation

None

Acid gas removal

None

Sulfur recovery

None
(Continued)

Landfill
Dumping (Minefill)

TABLE 3 (continued)
Operation/Process

Solid Wastes Discharged

Hydrogen/hydrocarbon recovery

None

Ammonia recovery

None

Phenol recovery

None

Product/by-product storage

None

Preferred Control Technology Applications

TABLE 4. AIR EMISSIONS OF CONCERN* ASSOCIATED
WITH SRC SYSTEMS BASED ON SAM/IA ANALYSIS

Air Emission

Pollutant

Health-Based MATE
(µg/m3)

Particulate
coal dust***

Aluminum
Arsenic
Chromium
Iron
Lithium
Silicon

5200.
2.0
1.0
1000.
22.0
1. Oxl04

Sulfur rerecovery tail
gas****

Carbon dioxide

9. Ox106

87.0

Boiler flue

Arsenic
Carbon monoxide
Chromium
Iron
Nitrogen oxides
Sulfur dioxide

2. 0
4. Ox104
1.0
1000.
9000.
1. 3xl04

3.0
1.3
7.3
3.7
56
49

Carbon dioxide
Carbon monoxide

9.0xl06
4. Oxlo4

20
14

gas

Flare system
emission

*

Potential
Degree of Hazard**

2.3xl0=~-l.7

4.9xl0

-3.6

l.5xl0=~-ll.O
l.3xl0 -9. 9
l.4xio-3-1.l
2.1x10-3-1.5

Based on liquefaction of "average" U.S. coal.

**

Degree of hazard •

***
****

Projected air concentration (µg/m3)
Health based MATE
(µg/m3)

Ranges due to different types of particulate controls employed.
Carbon monoxide and ammonia concentrations exceed ecological-based
MATE but not health-based MATE.
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the case of coal dust, application of the more effective recommended control technology {cyclone and baghouse filter) reduces degree of
hazard values below one; i.e., below the healthbased MATE value.

discussions are projections based on an
"average" U.S. coal converted to SRC. Partitioning factors based on analyses of SRC waste
materials were used to simulate distribution of
trace elements in streams exiting an SRC facility. Results of trace elements' degree of hazard
should be viewed as indicative, but not conclusive, of SRC behavior.
Two important conclusions can be drawn
from Table 4. First, all emissions cited are
associated with existing industries (coal mining,
petroleum refining, and steam-electric power
generation). Concern with these emissions is not
directly attributable to operations or auxiliary
processes unique to SRC systems. Second, in

Impacts on Water

Coal pile runoff and effluent water from the
wastewater treatment facility are considered
water effluents of concern. 1 Specific pollutants
of concern are shown in Table 5. The characteristics of coal pile runoff do result from SRC technology; however, combined wastewater characteristics do result from SRC liquefaction.

TABLE 5. WATER EFFLUENTS OF CONCERN* ASSOCIATED
WITH SRC SYSTEMS BASED ON SAM/IA ANALYSIS

Potential
Degree of Hazard**

Air Emission

Pollutant

Health-Based MATE,
(µg/m3)

Coal pile
runoff

Aluminum
Calcium
Chromium
Iron
Manganese
Mercury
Nickel
Sulfate

8.0 x 10 4
2.4 x 10 5
250.
1500.
250.
10.
250.
1. 5 x 104

9.1
1. 2
8.0
6000.
272.
1.4
4.3
170.

Combined
wastewater

Bismuth
Cresols
C3-phenols
Naphthols
Phenol
Xylenol

6.1 x io3
5.
5.

5.2
188.
18.0
60.0
78.0
76.0

*
**

s.
s.
s.

Inorganics based on "average" U.S. coal.
Organics based on characteristics of SRC bio-unit effluent.

Degree of hazard

•

Projected water concentration (µg/l)
Health-based MATE
(µg/l)
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TABLE 6. SOLID WASTES OF CONCERN* ASSOCIATED
WITH SRC SYSTEMS BASED ON SAM/IA ANALYSIS

Health-Based MATE,
Air Emission

Pollutant

SRC-II mineral
residue***

Aluminum
Arsenic
Barium
Beryllium
Calcium
Cobalt
Iron
Lead
Manganese
Nickel
Potassium
Selenium

1.6 x 104

Arsenic
Beryllium
Cadmium
Cobalt
Dysprosium
Lead
Mercury
Nickel
Selenium

50
6
10
150
4.6 x 102
50

Aluminum
Mercury
Vanadium

i. 6 x io4

API separator
bottoms

Bio sludge

*

(µg/g)

Potential
Degree of Hazard**

so

1000
6
4.8 x 104

lSO
300

so

50
45
6000
10

45
10

s.o

x iol
500

Based on liquefaction of "average" U.S. coal.

*

*

***

Degree of hazard

a

Projected pollutant concentration (µg/g)
Health-based MATE
(µg/g)

Similar characteristics expected for SRC-I filter cake.
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3.7
1.1
1.2
1.2
2.2
2.4
310.
1.4
4.8
2.1
3.0
2.0
2.0
80.0
5.0
250.
350.
364.

530.
51.0
260.
1.1
7.0
1.1

Impacts on Land

SRC Product Utilization

Solid wastes of environmental concern, based
on SAM/IA analysis with the health-based
MATEs, are shown in Table 6. API separator
bottoms and biosludge from the wastewater
treatment system and SRC mineral residues
contain component pollutant species that exceed their MATE values. These solids are considered greater risks to the environment than
either SRC air emissions or water emuents.1
The mineral residue or filter cake produced
during solids/liquids separation in SRC-II and
SRC-1 systems respectively contains high molecular weight organic species. It is recommended that all such material be gasified to
render it safe for land or mine burial. Energy
recovered by gasification of excess residue can
be used onsite or sold as additional SNG product.
A review of available analysis data on organics in SRC-11 mineral residue indicated no organic species present in concentrations exceeding the land-based health MATE value. Organics associated with SRC mineral residue are
shown in Table 7. · Organics presently not assigned MATE values are also included in the
table.
With reference to the hazardous nature of
several SRC solid wastes, the following precautions should be considered prior to disposal:1
• That the solids, singly or in mixture, should
be chemically stabilized.
• That the potential physical/chemical reactions of sludges, singly or in mixture, should
be known.
• That the compatibility of the hazardous
waste with appropriate liners, sealants, and
container materials should be established.
• That the life span of the land disposal site
should meet the most stringent State standards (500 yr for the most hazardous wastes).

To potential industrial and utility users, the
environmental benefits of using synfuels are of
primary concern. To date only two large-scale
tests have been conducted:3
(1) SRC-1, June 16-24, 1977, Georgia Power
Company's Plant Mitchell, Albany,
Georgia; and
(2) SRC-ll, September 10-15, 1978, Commonwealth Edison's 74th Street Generating
Station, New York.
The SRC-1 combustion test used 2,700 mg of
SRC-1 material from a 3.9-percent sulfur coal.
No particular problems were experienced during the 18-day test burn, and the following
levels of emission were achieved:

Toxic Substances in Products
Polynuclear aromatic species detected in
analysis of light oil and solid SRC product produced in the SRC-I mode are shown in Table 8.
The variety of polynuclear species indicated in
the table illustrates the need to exercise care in
handling these materials.

Concentration,
ppm (vol)

Constituent

175-300

Nitrogen oxides

0.015~.025

Particulates
Carbon monoxide

50

Uncombusted hydrocarbons

3

Sulfur trioxide

1

The SRC-ll combustion test used about 800 m8
of liquid SRC-D product produced at the pilot
plant in Fort Lewis, Washington. Reported levels of emission are shown below:

Constituent

Current EPA
requirements*

SOx
NOx

0.52

Particulates

0.04

0.30

SRC*

0.43
0.20
0.02

'*Units are Kg/GJ.

Data on sulfur dioxide concentrations were not
reported.
Based on these data, it appears likel7 that
SRC-ll can be utilized in compliance with pr~
posed emiuiona standards for coal-derived liquids.1

TABLE 7. ORGANIC SPECIES PRESENT IN SRC-11 MINERAL RESIDUE

MATE Value, µg/g
Organic Constituent

Concentration, µg/g

indane
methylindane
dimethylindane
tetralin
6-methyltetralin
naphthalene
2-methylnaphthalene
1-methylnaphthalene
dimethylnaphthalene
2-isopolynaphthalene
1-isopolynaphthalene
Cy-naphthalene
cyclohexylbenzene
biphenyl
acenaphthylene
dimethylbiphenyl
d ibenzof uran
xanthene
dibenzothiophene
methyldibenzylthiophene
dimethyldibenzylthiophene
thioxanthene
fluorene
9-methylfluorene
1-methylfluorene
anthracene/phenanthrene
methylphenanthrene
1-methylphenanthrene
C2-anthracene
f luoranthrene
dihydropyrene
pyrene

Health-based
5

85
40
25
110
50
1500
740
180
470

6.8xl0
6.8xl0 5
6, 8x105
4.0xlOS
4.0xlO~
l.SxlO
6. 8x105
6.8xl0~
6.8xl0
6.8xl05

2

6.8x10~

1
15
1
5
270
61
60
20
70
8
20
5
80
40

6.8xl0

------3000

-------------

-------------------------------------------------------5

so

1. 7xl0
9.lxlO 4
9. lxl04

500
100
50
10
200
10
200

------2. 8x105
-------------
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Ecological-based

------------------200
200

-------

-------------------------------------------------------------------------------------------------------------------------------------------------------------

TABLE 8. POLYNUCLEAR AROMATICS DETECTED IN SRC-1
LIGHT OIL AND SRC SOLID PRODUCTS

Concentration, ppm (wt)
Organic Constituent
0-ethylbenzene
C3-benzene
indane
methylindane
dimethylindane
tetralin
dimethyltetralin
6-methyltetralin
naphthalene
2-methylnaphthalene
1-methylnaphthalene
dimethylnaphthalene
bi phenyl
acenaphthylene
dimethylbiphenyl
dibenzofuran
xanthene
dibenzothiophene
methyldibenzothiophene
dimethyldibenzothiophene
thioxanthene
fluorene
9-rnethylf luorene
1-methylfluorene
anthracene/phenanthrene
methylphenanthiene
1-methlyphenanthrene
Cz-anthracene
fluoranthrene
dihydropyrene
pyrene

Light Oil

SRC

Health-based

9800
3900
4300
180-510

<5
330

<5
110
1630
690

1
8
5

110

10-80

3-6

80

2

2

8

15-21
8
10
3

MATE (water-based, µg/1)

6. 5xl06
3.3xl06
6. 8x105
6.8xlo5
6.8xl0~
4.0xl0
4. oxrn 5
5
4.0xlOS
1. Sxl0
5
6.8xl0
5
6.8x10
5
6.8xl0
3000

7-9
9
5

5

30
4
13

15

27

15

11

10
25

18
300

6
6
6

50

15

180

6

1

20

280

3

-------5
1. 75xl~

30

9.lxl0
4
9.lxlO

1

------5
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2.8xl0

------5
.6.9xl0

Ecological-based
l.Oxl03
1.0xl03

200
200
200

ADDITIONAL DATA REQUIREMENTS
AND RECOMMENDATIONS

such as multimedia environmental goals (MEGs)
and source analysis models (SAMs) have been
developed to provide an organized, consistent
approach for evaluating emerging energy technologies such as SRC. Technically, there are
many differences between existing SRC pilot
facilities and the demonstration and commercial
plants of the future. Consequently, operating
data on process and waste stream characteristics from the pilot plant are only an indication
of commercial or demonstration plant behavior.
However, sampling, analysis, and application
of environmental assessment methodologies to
pilot-plant data are essential to permit the following prior to emergence of SRC systems into
the commercial sector:
• Sampling and analysis techniques may be
tried and problem areas identified, thereby
permitting refinement of the techniques.
• Sampling and analysis priorities for the
demonstration/pilot SRC facilities may be
identified based on pilot studies.
• Application of the environmental assessment methodologies to SRC pilot data will
allow additional development and evaluation.
• Each of the above activities will accord SRC
system personnel with the expertise to confidently assess commercial SRC systems at
the time technical progress and economic
conditions permit their emergence.
The following recommendations can be made
regarding future environmental assessments of
SRC systems:
• Efforts to characterize waste streams, process streams, products, and byproducts
should be continued at an increased level of
effort. In so doing, numerous benefits are derived including expanding the preliminary
data base on SRC systems, perfecting sampling and analysis procedures, and developing more sophisticated environmental impact methodologies. Results of these efforts
will be invaluable- in establishing research
needs for environmental characterization of
SRC demonstration/commercial facilities.
• Efforts should be undertaken to define suit·
able sites for commercial SRC facilities. Subsequent to definition, applicable sites should
be identified. Information required to per·
form site-specific environmental impact
analyses should be ~llected for those sites
identified as potentially suitable for SRC

Currently, the pilot plants at Fort Lewis,
Washington, and Wilsonville, Alabama, are the
most advanced SRC facilities in existence. Information obtained during solvent-refining operations at Fort Lewis and Wilsonville is being
used to design SRC demonstration plants. In an
analogous manner, data from demonstration
plants will be used to permit successful commerdalization of SRC systems.
The draft EAR is based on the best existing
information, namely SRC pilot data, bench-scale
data, and conceptuaJ design studies. 1 Just as additional operating data are required to commercialize SRC systems, additional environmental
assessment data are necessary to adequately
characterize discharges, estimate environmentaJ impacts, and evaJuate control technology applicability relevent to SRC systems. Expansion
of the existing environmental ass~ssment data
base for SRC systems should include the following areaa:
• SBC stream characterization: with the purpose of developing representative physical,
chemical (inorganic and organic), and biological (with bioassays) characteristics of SRC
plant streams, in particular before and after
treatment waste streams. While characterization of waste streams is essential to environmental assessment, better characterized process streams will permit construction of an advanced material balance, ideally permitting one to "track'" pollutants
through the SRC system to the environment.
• Determination of the variability of waste
stream characteristics because of changes in
system operating characteristics: an expanded data base on stream characteristics
may permit such correlations, possibly suggesting ideal operating conditions for minimized environmental effects.
• Performance evaluations and costs of applicable control technology alternatives.
• Reassessments of environmental impacts
based on the expanded data base.
Because of the relative applicability of SRC
pilot-plant data, the above efforts would be
more beneficial if performed at SRC demonstration facilities.
Environmental assessment methodologies
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assessment efforts, permitting more efficient use of available research funds.

facilities, including preconstruction ambient
air and water quality monitoring. Initiating
expanded background monitoring studies in
applicable locations would be useful for en. vironmental assessment and could hasten
construction of commercial facilities.
• Candidate control technologies identified as
applicable to control of wastes from SRC
systems should be tested at SRC pilot and
demonstration facilities to the extent technically and economically feasible. Sampling
and analysis of discharge streams before
and after treatment would greatly expand
the environmental assessment data base.
Small-scale, slid-mounted control technology
units could be placed on flatbed trucks and
moved to pilot or demonstration facilities for
testing with continuous samples of the
plant's waste stream, thereby providing a
cost-effective means of performance testing
numerous candidate control options.
• Continued efforts should be made to promote cooperation, coordination, and information exchange between the various private
and government organizations involved in
development and environmental analysis of
SRC systems. Preparation and presentation
of technical papers at appropriate symposia
and meetings is an excellent way to informally stimulate interaction of researchers,
leading to more formal interaction during
performance of research. The benefits inciude reduced duplication of environmental
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A bi tract

ciency of the process. On the environmental
side, there are potential impacts in every step,
and the overall effect on air, water, and land
quality must be assessed. For the purposes of
this paper, only the end use processes (i.e., combustion systems) will be considered. The characteristics of the combustion also influence the
route that will be chosen. For mobile sources
(e.g., automobiles and aircraft), light liquid
hydrocarbon fuels probably will be required for
a significant period in the future. In this instance, the necessity for a specific fuel type may
overcome some of the other potential obstacles
(e.g., economics). For stationary sources, the
fuel used may not be· constrained as significantly by the requirement of a fuel of specific
characteristics, and the choice of approach may
be wider.
The ways in which coal can be used in an environmentally acceptable manner depend on the
type of combustion source. The pollutants that
must be controlled include sulfur oxides, nitrogen oxides, carbon monoxide, unburned hydrocarbons, and total particulate. Perhaps the most
options exist for utility generation of electric
power. One option currently being used is the
direct combustion of coal with stack gas cleaning for sulfur oxides and particulate, and combustion modifications for control of nitrogen oxides, carbon monoxide, and unburned hydrocarbons. Improvement of the existing technology is
being pursued in a number of U.S. Environmental Protection Agency (EPA) projects. A
second ~ption is the conversion of coal into lowsulfur gaseous, liquid, or solid fuels to be utilized in conventional steam boilers or combined
cycle plants. The use of liquid fuels in power
generation appears to be most applicable to existing plants already burning petroleum-derived
heavy fuel oils. The large energy losses currently associated with fuel-cleaning processes ap-

T1W paper summarizes the available information on the state-of-th.e-art emission control
technology for the we of petroleum·, shale-, and
coal-derived liquid fuel.a in stationary combuation sources. Becaus11 the data on com.bus·
tioia of alternativ11 liquid fuel.a in practical
1y1tem.s an limited. the prop11rties of these fuels
are compared to thoBfl of petroleum-derived
fuels as a basis for postulating the effectiveness
of combustion process modifications on emis·
aions 'from alternative fuels. The formation and
control of nitrogen o:cidea are related to fuel
cl&aracteristica, particularly the distribution of
the fuel-bound nitrogen. The effectiveness of
ataged combustion techniques ia correlated
with a defined meaaurement of volatile nitrogen. The effect of fuel compo1ition on carbon
particulate formation is also discussed. Finally,
based on promising results for heavy petroleum
fuel oils and coal, it is concluded that burner and
combustion process design modificationa have a
high probability of success for alternative fuels.

INTRODUCTION
In the search for energy supplies, the United
States is projected to place heavy reliance on
coal, which is the most abundant fossil fuel
available. Many methods of extracting the energy from coal are being pursued; however, the ul-.
. timate decisions on the paths to be followed depend on both economic and environmental considerations. These considerations cover the full
range from resource extraction, through proc·
easing, to end utilization. On the economic side,
it is necessary to include not only capital and
operating costs but also the overall energy effi·
•Speaker.
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which have a strong temperature dependence.
• Fuel NO is formed through oxidation of
chemically bound nitrogen in the fuel by
reactions with a low-temperature dependence but a strong oxygen availability dependence.
There is also experimental evidence 5 to show
that nitrogen species (e.g., NH8 and HCN) can
be synthesized in fuel-rich flames as postulated
by Fenimore 8 and subsequently oxidized t.o NO
as is fuel nitrogen. The other pollutants of concern are SOx• CO, hydrocarbons, POM, carbon
particulate, and metallic particulate. One of the
primary incentives for alternate fuels is sulfur
removal; therefore, SOx levels should be low.
Since proper system designs for stationary
sources can minimize CO and hydrocarbon emissions, no problem is anticipated with alternate
fuels. Carbon particulate emissions for heavy
liquid fuels pose a potential problem that may
be complicated further by the higher carbon-tohydrogen ratios of many synthetic liquid fuels.
Metallic particulate is dependent primarily on
the mineral content of the fuel and, therefore,
on the extent of coal ash removal during fuel
processing. Metal form and particle size distribution also may be affected by the combustion
process: however, no detailed information is
presently available. Use of alternate fuels in
combustion systems will require careful design
to minimize these emissions.

pear to require use of the advance design combined cycle with integrated gasifier to achieve
energy efficiency comparable to the first option.
Major unknowns in these designs are the criteria for minimizing nitrogen oxides and other
combustion-related pollutants. The third option
is the use of fluidized-bed combustion to minimize sulfur oxides and other pollutants. The
control of sulfur oxides has been a major eon:
sideration in the development of all three technologies;1 however, other pollutants have been
considered less extensively for the latter two
options. For other stationary source applications, such as residential and commercial heating, low-sulfur high-Btu fuels will be required,
which may include distillate and/or residual
fuels derived from coal or shale. The purpose of
this paper is to summarize available information
on pollutant formation and control during combustion of petroleum-derived liquid fuels as
related to synthetic liquids where combustion
data are much more limited. The effect of fuel
properties on emission control technologies is
also discussed.

BACKGROUND
A wide range of subject matter relates directly to combustion of alternate fuels. The t.opics
include pollutant formation mechanisms, applicable emission-control techniques, fuel characteristics, and end use equipment type. Since
these areas have been treated in detail for alternate fuels previously ,2 the background presented is a brief general summary. The most recent information on combustion and emission
characteristics is summarized.

Eml98lon-Control Techniques

The basic combustion modification techniques
for NO control can be summarized as follows:
• Diluent addition to reduce flame temperature is accomplished through the addition of
either water or recycled flue gas to the combustion air.
• Staged combustion is based on operation of
burners at a fuel-rich condition with delayed
secondary air addition to complete heat release, thereby limiting both peak flame temperatures and primary zone oxygen availability.
• Burner modifications involve changes in fuel
and air mixing conditions t.o promote localized fuel-rich conditions and/or combustion
gas recirculation.
• Novel techniques, such as catalytic combus-

Pollutant Formation Mechanisms

The mechanisms of formation of nitrogen
oxides (NOx) have been discussed extensively;8 4
however, a brief summary is in order. (Nitric oxide [NO] is the primary form of NOx found in the
flue gas of conventional combustion equipment;
the N0 2 that is present is believed to be the
product of oxidation of N0 2 after the combustion process is completed.) The mechanisms for
formation of NO during combustion are as follows:
• Thermal NO is formed from fixation of atmospheric nitrogen by Zeldovitch reactions,
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tion, may allow NO emissions lower than
those achievable for combustioi;i of clean
fuels in conventional systems and may be
particularly applicable to redesign for maintaining system efficiency.
The first technique controls only thermal NO,
whereas the last three also may control fuel NO.
The emissions of the products of incomplete
combustion (CO, unburned hydrocarbons, and
carbon particulate) are subject to increase as
NO is decreased past a critical point for fixed
system design. However, there is a body of evidence that indicates that these emissions can be
controlled if the system is designed or modified
with both NO and carbonaceous emissions-control requirements in mind. Since stack measurements are for nitrogen oxides (NOx), that term
will be used in subsequent discussion of control
techniques.

33-percent volume fractions of the shale crude).
The nitrogen and sulfur can be removed to low
levels by hydrotreating;9 however, it is an expensive process. Where other considerations
are paramount (e.g., fuel stability for aircraft
uses), severe hydrotreating may be unavoidable. For other applications, it may be possible
to achieve NOx control by combustion modification of fuels with minimum hydrotreating to upgrade the carbon-to-hydrogen ratio for smoke
suppression or to modify the nitrogen compounds to more volatile forms without substantial denitrification.
In a recent review of commercialization potential of coal-derived liquid fuel processes, 10
Whitaker summarized the Electric Power Research Institute's view of coal-derived liquids.
The discussion dealt with three processes: solvent refined coal (SRC-II), H-Coal, and Exxon
Donor Solvent (EDS). While the article indicated that the fuel properties would probably
depend both on the process and on the coal feed- ·
stock, it did not specify these properties.

Fuel Characteristics
The properties of alternate fuels have been
summarized previously,2 and only a brief updated discussion is presented below.
Synthetic liquids may be grouped into two
general categories: Those synthesized from the
products of coal gasification, and those derived
directly as liquids by hydrogenation of coal or
by retorting of oil shale. The fuels in the first
· category tend to be clean low-boiling fuels such
as alcohols and Fischer-Tropsch liquids. Since
these fuels are also essentially free of both nitrogen and sulfur, combustion problems are
minimal. The liquids in the second category may
be compared to crude petroleum oils because
both consist of a wide range of hydrocarbon
compounds with boiling points from 300 to over
900 K. In the crude synthetic liquid fuels, the
bound nitrogen content is generally quite high
(more than 0.5 percent). In addition to this, the
nitrogen is distributed more evenly over the
range of fuel cuts than it is in crude oil. The
most complete information is available on a
2.19-percent nitrogen Paraho shale crude, as
shown in Figure 1.7 The nitrogen content is
above 1.2 percent by weight for all fuel fractions
shown here. The sulfur levels are below 1 percent and decrease in the higher boiling fractions. For comparison, a Wilmington, California,
crude8 that contained 0.65 percent nitrogen
yielded only 0.07 percent in the distillate oil
product (corresponding in boiling point to the

DISCUSSION
For all combustion systems (except reciprocating engines, which are not a subject of this
paper), the common feature is the use of a
burner for initial fuel and air mixing. Although
the characteristics of specific systems significantly differ, the combustion zone conditions
that lead to minimum emissions are quite similar for two broad classes of fuels (i.e., nitrogenfree and nitrogen-containing). A large body of
information has been built up on burner designs
for emission control for conventional fuels,
much of which should apply directly to systems
burning alternate fuels.
The primary emission category that is controllable by combustion technology is NOx. Control of carbonaceous emission (e.g., CO, hydrocarbon, POM, and carbon particulate) also is affected by combustion technology; however, it
may be treated as a second-order effect, except
for gas turbines operating at low load. This is
not based on establishing priorities for health or
environmental effects of the pollutants but
rather on the approaches necessary to control
all emissions by combustion technology. Many
conventional design approaches are currently
used that offer the potential for low carbonaceous emissions by employing conditions
407
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NOx. This is a significant concern for alternate
fuels because virtually. all untreated coal- and
shale-derived fuels have large concentrations of
bound nitro~en species. Before processing, the .
liquid crudes derived from coal and shale have
more than 0.5 percent nitrogen. Because sulfur
levels are generally below 1 percent, minimum
hydrotreating is desirable to limit efficiency and
economic penalties. For coal.'.derived solid fuels
(e.g., SRC-U, the nitrogen compounds are not
removed to a significant degree by the fuel conversion processes. For both conventional solid
and liquid fuels, the nitrogen is bound within
the fuel structure as single or multiple heteroeyclic ring compounds, and a similar structure
is believed to exist in the alternate fuels.
In addition to the absolute amount of nitrogen
contained in the fuel, it appears that the degree
of control achievable may also depend on nitrogen distribution. The evidence indicates that
the nitrogen in the fuel is converted to simple
gas-phase species (HCN and NH3) before it is oxidized to NO or reacts to form N2• The
heterocyclic nitrogen compound in the parent
fuel appears to undergo a sequential pyrolysis
through lighter orgapic forms to HCN or NH3•
The extent of this pyrolysis depends on temperature, residence time, and ambient conditions
(oxidizing or reducing). Although it has been
shown that a quantitative conversion of pyridine (C 5H~) to HCN can be achieved at 1,873 K
under inert conditions,11 comparable conversions have not been shown for any real fuel at
residence times achievable in practical com- ·
bustors, even at considerably higher temperatures. The balance of the nitrogen is contained
in the fuel residue that may be char or tar. The
nitrogen evolved into the gas phase is referred
to as "volatile nitrogen." The significance of this
distribution of nitrogen compounds is discussed
in greater detail below.
The basis of fuel NOx control techniques is
the same regardless of the fuel type. A fuel-rich
primary combustion zone. is used to facilitate
the conversion of fuel nitrogen to molecular nitrogen (N 2). A fraction of the nitrogen is evolved
as XN species (e.g., HCN and NH3), which partially oxidize to form NO. The NO then reacts
with the residual SN to form N2• Because XN
species remaining in the rich mixture undergo
high-efficiency conversion to NO in the lean
secondary stage and because any NO will be retained almost quantitatively, the rich-zone con-

that lead to high levels of NOx· Therefore, it is
necessary to approach the problem from the
other direction; that is, to employ the specialized design concepts that give low levels of NOx
and optimize that technology to achieve
minimum carbonaceous emissions. In this way;
optimum control of all emissions becomes a
primary design criterion and a goal that can be
achieved during the development of the com·
bustion process for a specific application.
The following discussion identifies key system features that relate to emission control for
these two general classes of fuels. Emphasis is
placed on nitrogen-containing fuels.
Nitrogen-Free Fuels

Fuels that do not contain chemically bound
nitrogen produce only thermal and "prompt"
NOx, for which there is a substantial body of
control technology already developed. For stationary heat and steam generation systems, the
primary techniques are external flue gas recirculation and burner designs that maximize internal recirculation of relatively cool combustion products. The burner techniques can be
coupled with combustion chambers designed to
achieve early heat removal, thereby further
reducing peak temperature and optimizing the
NOx reduction. These techniques are compatible with low carbonaceous emissions and with
low excess air operation for maximum system
thermal efficiency. For gas turbines, a number
of approaches are being explored. Substantial
effort has been devoted to achieving premixed
prevaporized primary combustion zones, which
can be operated at conditions giving lower
flame temperatures (e.g., fuel lean) and,
therefore, lower thermal NOx. These concepts
also produce low carbon particulate levels, but
may produce excessive CO, particularly over
the full operating load range of the engine. This
technique is well suited to the gas turbine that
normally operates at high excess air levels (i.e.,
300 to 400 percent). A major consideration for
this concept is burner stability. These relatively
conventional technologies are well documented
and do not require further discussion.
Nltrogen-Contal~lng

Fuels

Nitrogen compounds chemically bound in the
fuel are oxidized to form what is termed fuel
409

ditions must give a minimum value of EXN (i.e.,
HCN + NH3 + NO). The stoichiometry required to achieve minimum EXN depends on
several factors, including:
• The rate of evolution of nitrogen species
from the fuel;
• The inevitable distribution of stoichiometries from rich to lean, which exists in an
overall fuel-rich zone of a diffusion flame;
• The overall temperature of the reaction
zone; and
• The overall residence time in the reaction
zone.
The interaction of these four factors depends on
the aerodynamic mixing of a turbulent diffusion
flame, as well as the nitrogen distribution for a
given fuel. It is desirable to extract some energy from the rich products prior to second-stage
air addition to reduce the thermal NOx formation. In the lean second stage, a significant fraction of the gaseous EXN and a smaller fraction
of any residual nitrogen in the char or tar will
be converted to NOx. Based on evidence for coal
char and petroleum coke, the conversion of this
nonvolatile nitrogen to NO occurs at a low fraction efficiency (i.e., less than 10 percent) for solid
fuels. In fact, the NOx levels from these fuels
are insensitive to burner design changes that
significantly reduce NOx from pulverized coal.
This char NOx may impose a minimum level
below which NOx cannot be reduced for a given
primary zone condition. There are indications
that the nonvolatile nitrogen species from liquid
fuels may undergo higher fractional conversion
to NOx than those in solid fuels.

soot formation, which leads to increased flame
emissivities increasing liner temperatures and
smoke emissions. Fuel-bound nitrogen in jet
fuels contributes to higher NOx emissions
unless the combustor is designed to minimize.
fuel nitrogen conversion to NOX'
Increased NOx emissions have also been
observed when coal- or shale-derived liquids
have been burned in boilers. Muzio14 carried out
tests with SRC-II and found that its combustion
characteristics were similar to those of No. 2
fuel oil except that NOx emissions were higher
(400 ppm compared to 80 ppm) mainly because
the SRC-11 contained 1.12 percent nitrogen.
However, emissions can be reduced by blending
with lower nitrogen.petroleum-derived fuels or
staged combustion. Similar experiences are reported by Mansour 15 when Paraho shale oil was
burned.
The most comprehensive comparison of emission characteristics to fuel properties has been
carried out by Heap and coworkers. 16 A variety
of petroleum-derived residual oils and synthetic
fuels derived from coal and shale have been
burned in two experimental systems: a small
(20 kW thermal) down-fired tunnel 17 and a
900-kW cold wall axisymmetric combustor that
simulates the firetube of a package boiler. 18 The
down-fired combustor allowed direct determination of fuel nitrogen conversion by substitution
of argon/oxygen for the combustion air, thereby
eliminating thermal NOx. The package boiler
simulator allows the smaller scale results to be
generalized to practical equipment. The results
of these experiments provide significant insight
into pollutant control for both petroleum-derived and synthetic fuels. The properties of the
petroleum oils have been summarized previously ,17 and properties of the synthetic fuels are
shown in Table 1.16 NOx emissions for all fuels
tested in tlie tunnel furnace are summarized in
Figure 2. Since the data are for a system where
very fine oil droplets (about 25 µm) are well
dispersed in the oxidizer at a fuel-lean condition,
it is not surprising that the fuel NOx emissions
(lower curve) are a strong function of fuel
nitrogen content. The NOx levels are high
because the percentage conversion under these
premixed conditions is higher (50 to 75 percent)
than expected in practical systems (25 to 45 percent). The upper curve shows that thermal NOx,
which is determined using air as the oxidizer, is
relatively constant for most fuels. For some

Emission Performance: Boilers

Primarily because of the small quantities of
synthetic liquid fuels available, the data on their
combustion emissions and performance in practical systems are limited. Therefore, this discussion will review the available data from experimental systems and compare the performance
of synthetic liquids to that of conventional
petroleum fuels. The data on some of the earlier
work have been summarized previously; 12 only
an update is presented below.
Blazowski and Maggitti 18 believe that the
alternative fuel characteristics that are most
likely to affect future gas turbine design are the
hydrogen and nitrogen content and the thermal
stability. Carbon-to-hydrogen ratio influences
410

TABLE 1. ALTERNATIVE LIQUID FUEL PROPERTIES 18

DFM

SRC-II
Blend

Shale
Derived
Residual

SRC-II
M:H Dist.

Synthoil

Parah a
Shale

Carbon, %

86.18

89.91

86.71

85.91

86.30

84.6

Hydrogen, %

13.00

9.27

12.76

8.74

7.44

11.3

Nitrogen, %

0.24

0.45

0.46

0.97

1. 36

2.08

Sulfur,%

0.51

Q.065

0.038

0.30

o.ao

0.63

Conradson Carbon Residue, %

4. 1

6.18

0.19

0.51

Asphaltene, %

0.036

4.10

0.083

Ultimate Analysis

.,.

......

23.9

2.9

16.55

1.33

11

API Gravity at 60°F

33. l

10.0

29

Viscosity SSU at 140°F

36. l

40.6

54.3

10,880

97

Gross Heat of Canbustion, Btu/lb

19 ,430

17 ,980

19,350

16 ,480

18,290
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unexplained reason, the alternative fuels appear to produce a somewhat higher thermal
NOx level than the petroleum fueis. This points
out the need for NOx control techniques for the
alternative fuels.
To examine the effects of control technologies, Heap 18 also ran the tunnel furnace under
staged conditions. The total NOx data for the
Paraho crude shale oil, shown in Figure 3 at two
primary residence times, indicate that very
high levels of control (90 to 95 percent) can be
achieved at reasonable primary stage stoichiometries (i.e., 70 to 80 percent theoretical air).
Figure 4 compares the results of the shale crude
to a residual liquid from the same crude that has
been extensively hydrotreated, SRC-ll and a
blend of SRC-11 with the donor solvent. While
the uncontrolled levels are substantially different, the minimum levels under staged conditions are quite similar. It is interesting to note
that the minimum NOx for the 2.08-pereent
nitrogen shale crude is lower than for the
0.97-percent nitrogen SRC-II, a result to be
discussed at greater length. A comparison of
results in the tunnel and in the package boiler
simulator is shown in Figure 5. Although conditions were maintained as consistently as possible between the systems, the minimum NOx
from the tunnel furnace is significantly lower
than conditions for the simulator using the same
type of ultrasonic atomizer (curve B). This might
be attributable to differences in a number of
primary zone factors including amounts of wall
cooling affecting the rate of nitrogen evolution
in the primary zone; fuel/air mixing rates creating wider distribution of off-optimum stoichiometries in the boiler simulator; or control of
residence time for secondary air addition because of recirculation patterns. Comparison of
curves A and B for different nozzles in the
boiler simulator shows that nozzle A, which produces a coarser spray than B, has lower baseline
emission (primary zone stoichiometric ratio of
1.17) but higher emissions under staged condi- ·
tions. This points out the importance of optimizing the combustion system for minimum emissions.
These results and others suggested that
under staged conditions, factors other than total
percent nitrogen affected the minimum attainable emissions. A comparison of minimum NOx
under staged conditions for synthetic and petroleum-derived fuels is shown· in Figure 6. For

many fuels with approximately the same fuel nitrogen level (0.4 to 0.6 percent) a significant
spread exists. The minimum is a nitrogen- and
sulfur-doped distillate fuel where all of the
nitrogen is volatile (i.e., has a boiling point of
about 400 K), and the maximum is the SRC-11
blend. It should also be noted that at fuel nitrogen levels above 0.6 percent, there is only a
small increase in the minimum achievable NOX'
In an attempt to relate the effects of fuel properties to emissions, a bench-scale vacuum distillation technique was selected as a relatively
simple and rapid method of quantifying the
amount of "volatile" nitrogen in the fuel. Each
fuel was distilled into as many as five fractions,
and the total mass of oil and nitrogen content of
each fraction was determined. The data for petroleum oils have been presented previously by
Pershing. 19 The results for the specific alter·
native fuels tested are compared in Figure 7 to
those for the range of petroleum oil. The shaded
area shows the extremes of individual residual
oils from less than 10 percent of the nitrogen
evolved at 811 K (1,000° F) to over 40 percent at
the same temperature. By comparison, all of the
synthetic fuels show greater than 40 percent
evolved at 700 K (800° F). It is particularly in·
teresting to note that even the "residual" derived from a highly hydrotreated Paraho crude
has bound nitrogen more volatile than in any petroleum-derived residual.
These data were used by Heap 18 to correlate
the effectiveness of staged combustion vs. volatile nitrogen for various fuels, as shown in Figure 8 (which uses the same symbols as previous
figures). The ratio of NOx staged to unstaged,
which represents the fraction not controlled by
staged combustion, increases as the nitrogen
volatility decreases. The dotted lines are for the
tunnel furnace at two primary residence times,
where the lower line is the longer residence
time, and the solid line is the package boiler
simulator. This figure indicates that for a given
system the nitrogen volatility has a strong effect on the degree of NOx control achievable;·
however, the system design also is a significant
factor.
Emission Performance-Turbines

The information available on combustion of
synthetic liquid fuels in gas turbines has been
for baseline combustors without NOx control
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technology applied. There are indications that
the wet control techniques designed to control
thermal NOx, such as water injection, will have
little beneficial effect on fuel NOx, and possibly
will be detrimental.
A promising low NOx combustor concept for
gas turbine engines has been reported by
Pierce.20 The program goals were to achieve
NOX emissions below 50 ppmv (at 15 percent 02)
for clean fuels and 100 ppmv (at 15 percent 02)
for fuels with less than 0.5 wt percent bound nitrogen. The bench-scale version of the combustor, which burns a premixed, prevaporized, fuelrich fuel and air mixture, followed by rapid addition of secondary air to avoid high peak temperatures during fuel burnout, has achieved minimum emission levels of 20 ppmv (at 15 percent
0 2) for No. 2 fuel oil and 35 ppmv (at 15 percent
0 2) for No. 2 fuel oil doped with 0.5 wt percent
nitrogen as pyridine.21
Based on the previous discussiOn on boiler experience, it may be expected that the nitrogendoped oil would provide a good indication of the
control potential for distillate synthetic liquid
fuels, although the NOx level for the higher boiling nitrogen compounds in these fuels may be
somewhat higher. It also appears that the premixed and prevaporized nature of the primary
zone should provide the maximum opportunity
for minimizing fuel NOx. The bench-scale combustor has been scaled up to the size of a single
can for a practical engine, and preliminary
testing appears to show similar performance.

• That residual XN not reacted in the first
stage will oxidize to NOx with a relatively
high conversion in the fuel·lean second
stage.
The conditions that appear to favor maximum
Na formation include high temperature to
evolve nitrogen species as early as possible and
longer residence times. There is also an indication that an atomizer that yields small droplets
that are well dispersed in the airstream improves the degree of control achieved; some
doubt exists that a completely prevaporized
fuel, premixed with air, is desirable, even if
possible. While it is obvious that prevaporization is not possible for petroleum-derived

residual oils, it may be possible for many of the
synthetics (e.g., the shale residual tested). A
directly comparable test is required to determine if a well-dispersed spray of small droplets
with combustion in a diffusion name over the
range of stoichiometries is superior to premixed
combustion of a vaporized fuel at a single stoichiometry.
The degree of success achieved in controlling
NOx from any given fuel will depend on integration of the fuel atomizer, the air mixing device,
and the primary zone thermal environment
(e.g., cooled or refractory). While the available
information is encouraging, additional work is
necessary to optimize emissions for systems
burning heavy liquids that cannot be completely
vaporized.
Fuel PropertlasC:ompared to petroleum residual· oils, the synthetic fuels tested to date appear to have a
larger fraction of the nitrogen bound in low-boiling fuel fraction&' and, therefore, to be more
amenable to NOx control technology. The main
problem with this conclusion is that the fuels
are not directly comparable. That is, the petroleum residual fuels are the heaviest ends of the
crude that contain most nitrogen of the refractory compounds, whereas most of the synthetic
fuels should be regarded as crudes. (Note that
the one exception, the Paraho residual, results
from distilling a heavily hydrotreated crude.) In
actual practice it would probably be desirable to
distill the synthetic crude, using the lighter
fractions for jet fuels and distillate oils, thereby
leaving the heavier fractions for boiler fuels.
While it may be argued that such a synthetic
residual would still contain substantially less

Practical lmpllcatlons
Based on the above discussion of the combustion characteristics of synthetic liquid fuels,
some generalizations about system design and
fuel properties are possible.
System DaslgnThere are some obvious differences in the
emission performance between the tunnel fur·
nace and the package boiler simulator11 that
cannot be fully explained at this time; however,
speculation is possible if we adopt the volatile
nitrogen hypothesis discussed earlier. It may be
restated as follows:
• That nitrogen species should be evolved as
early as possible in the fuel-rich primary
zone to allow maximum possible reaction of
nitrogen species (XN) to Na: and
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refractory nitrogen compounds than petroleum
residual <see Figure 7), such a heavy synthetic
must be tested to determine its performance.
The second aspect that remains to be established is the need for hydrotreating the various
synthetic fractions. For the lighter jet and
distillate fuel fractions, substantial removal of
nitrogen compounds is apparently required to
enhance storage stability. One approach is to
hydrotreat the full crude prior to distillation;
however, an alternative is to distill the light
fractions and then hydrotreat to remove nitrogen to required levels. The primary decision
here would probably be based on an economic
tradeoff of the smaller fraction of the crude barrel available as premium fuel vs. the cost of
heavy hydrotreating the full crude.
If one assumes that an unhydrotreated residual containing a significant nitrogen content
(e.g., more than 1 percent) is to be used as a
boiler fuel, a second question of extent of hydrotreating must be addressed. Assuming that the
data shown in Figure 6 prove applicable to practical systems, the economic impact of hydrotreating from 2.08 percent nitrogen to about 0.4
percent must be balanced against a 25-percent
reduction of NOx (i.e., 200 vs. 150 ppm NOx, respectively). However, if the true untreated
shale residual produces substantially more NOx
than the crude for a comparable nitrogen content, yet another tradeoff may be possible. The
extreme case is to deeply hydrotreat the crude
and achieve the relatively low nitrogen residual,
with the attendant potential increase in distillate fraction, or to mildly hydrotreat the residual fraction simply to upgrade the nitrogen into
a more volatile form without substantial denitrification. In either case it might be expected that
the smoke-forming tendencies of the fuels would
be decreased by hydrotreating, which might
provide yet another consideration in the decision process.
Based on the current state of knowledge, it is
not possible to draw a firm conclusion about fuel
processing. Careful experimental work on fuels.
of specific properties is required.

leum-derived fuels, the following conclusions
can be drawn:
• Under fuel-lean conditions, the nitrogen content of the fuel is the dominant factor for a
given system. Conversion to NOx is similar
for petroleum and synthetic liquids, with
fractional yield NOx decreasing with increased nitrogen content.
• Under staged combustion conditions, the
volatility of the fuel nitrogen compounds is
an important factor in the degree of control
achievable, and the absolute level of NOx attainable may be a weak function of fuel nitrogen content.
• System design is a significant factor in the
degree of control achievable with a given
fuel. The key variables appear to be primary
zone stoichiometry, residence time, and
thermal environment. The methods of atomization and of air/fuel mixing strongly influence the performance of a practical system.
• The experimental results appear to have im·
portant implications for fuel treatment
strategies, particularly denitrification; however, experiments with a wider range of
fractions from a common crude are required.

METRIC CONVERSION
While it is EPA policy to use metric units, the
nonmetric data used in this paper have been secured from published literature and have not
been altered. ~etric conversion can be accomplished with the following factors:
° C • 5/9 (° F - 32)
J /g - Btunb x 2.326
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CONTROL ASSAY SCREENING PROCEDURES
William F. Longaker,• Alfred B. Cherry, and Sohrab M. Hossain
Catalytic, Inc., Philadelphia, Pennsylvania

health/ecological effects of waste streams must
be determined to establish the potential pollution problem and the need for control technology. The CAD approach for wastewater and for
air emissions provides practical and economically feasible screening procedures for a number of
treatment technologies without prior knowledge of all pollutant parameters. This is possible when broad criteria such as biological oxygen demand (BOD), chemical oxygen demand
(COD), total organics, etc., can be used as a
measure of the effectiveness of treatment. Specific pollutants or health/ecological effects will
also be determined after completion of the
screening tests. The methodologies are designed
to produce reliable data indicating the degree of
effectiveness of each control process on a Level
1 basis.
During the formulation of CAD methodol·
ogies, it became apparent that certain procedures should be verified in the laboratory
before being adopted for use in the final prot~
cols.
The objectives of the laboratory study were:
• To determine logistical problems of sample
handling.
• To assess the adequacy of the proposed designs and operation of appropriate test
units.
• To examine the possibility of using a dry
bacterial culture for biological oxidation
studies.
• To evaluate the feasibility of using Source
Assessment Sampling System (SASS) components for air testing.
CAD field procedures for coal conversion
wastewater treatment require processing rela·
tively large volumes of water as compared to
standard process development testing procedures for determining treatability of a given
waste. Volumes of 200 L or more have to be
processed to accommodate normal system re·
quirements and to provide 10-L samples for the
Industrial Environmental Research Labor&·
tory's (IERL) ·Level 1 analyses.
CAD air methodologies specify the use of a

Abstract
Control assay (CA) screening procedures are a
significant and important part of the U. S. En·
vironmental Protection Agency's (EPA) overall
data acquisition program for environmental
assessment of fuel conversion systems. This
paper presents a background of the development of CA screening procedures as they relate
to the Industrial Environmental Resea1'Ch Laboratory 's (]ERL) Level 1 sampling protocoL The
1.ogic involved in selectini or rejecting specific
unit processes is presented. Screening procedures to be used by a field team for gaseous and
aqueous waste treatment are described. The
development of detailed screening procedures
from the CA methodologies required laboratory
work for confirmation. Test results, conclusions,
and revised CA. methodologies are presented in
the paper.
· Biological oxidation screening procedures
were the most difficult problem in the development of CA screening procedures; therefore, laboratory data derived from biological tests along
with recommendations for future work are presented. The feasibility of using a dry bacteria
culture for biological oxidation is discussed.
Laboratory data are presented from specific
gas treatment tests conducted using a modified
Source Assessment Sampling System (SASS}
train. Setup, operation, and required adjust·
ments to the SASS train for proper field opera·
tion are described.

INTRODUCTION
Control assay development (CAD) is the term
applied to a field-testing program for determining the best potential control techniques based
on Level 1 evaluation of effluent samples before
and after treatment by combinations of laboratory procedures that simulate control processes.
The physical and chemical characteristics and
*Speaker.
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alyzed to determine the effectiveness of any
pretreatment steps that have been employed.
Phenolic compounds· will be removed by liquid-liquid extraction by using isopropyl ether u
the solvent. Ammonia and sulfides will be removed by air stripping at appropriate pH
ranges. A high percent removal rate of hydrogen sulfide can be accomplished in a matter of
minutes at pH 7. Ammonia stripping will take
place at a pH of 11, and the wastewater will be
heated to 60° C to reduce the required stripping
time. Complete destruction of the cyanide ion
will be accomplished by the addition of sodium
hypochlorite with agitation.
Figure 1 shows the preliminary test sequence
for wastewater screening. The recommended
screening procedures are not intended to provide design data for a treatment plant but will
indicate the applicability of a particular treatment process and provide information to be
used as a basis for further studies. The tests
have been limited to those unit processes that
have proven to be most successful in practice
and that have been most universally applied.
Two other processes (wet air oxidation and
evaporation/distillation) were initially considered for wastewater methodology, but both
were rejected because they are normally used
in special applications and would require more
sophisticated testing procedures than are warranted for CA screening.
To accomplish the proposed objectives of this
portion of CAD, a 200-L synthetic wastewater
sample was processed as it would be by a sampling team in the field, with the exception of the
byproduct recovery steps and the treatment by
chemical oxidation. Complete Level 1 analytical
procedures were not applied to the treated samples because of time and cost restrictions. Instead, traditional wastewater parameters (COD,
BOD, solids, and metals analyses) were used to
measure the performance of each unit process.
Separate studies were conducted to determine
the effectiveness of using dry bacteria vs. an acclimated activated sludge for the biological oxidation assessment.

modified SASS. The minimum sample volume
required by IERL Level 1 air analyses for particulate, organic, and inorganic materials is
1,000 ft3 . This volume allows for collection of
sufficient quantities of trace components to
reach detectable levels.
The principal control approaches for solids
(e.g., incineration and fixation) are not easily
conducted in the field. Incineration equipment
becomes impractical to outfit and operate in a
mobile facility. Chemical fixation or encapsulation techniques are proprietary in nature and
cannot be satisfactorily duplicated in the CAD
test program. Samples would have to be forwarded to a selected process vendor if data are
to be developed. These approaches are not reasonable until a Level 1 analysis establishes the
need for treatment; therefore, no screening procedures have been recommended for solid waste
evaluation.

WASTEWATER SCREENING
PROCEDURES
Wastewater streams encountered during
CAD testing are expected to contain phenolic
compounds, ammonia, sulfides, and cyanide.
These materials should be present in large
enough quantities to make their recovery economical in a full-scale plant; however, pilot-plant
operations may not be able to afford the capital
investment for recovery equipment. It is expected that CAD testing procedures will be employed using wastewater streams produced by
pilot plants. Therefore, it becomes necessary to
provide pretreatment of these samples in order
to simulate the characteristics of the waste effluent that could be expected from a full-scale
plant.
The analytical effort expected of the field
team members is not extensive for any of the
CAD testing. However, during pretreatment
some analyses must be performed to ev&luate
the need for pretreatment and the efficiency of
removal when a sample is processed through a
pretreatment step. The individual streams used
to make up the composite sample will be analyzed with inexpensive test kits, and a decision
will be made by the team leader as to which
streams will be subjected to byproduct removal
treatment before compositing. After byproduct
removal and compositing, the sample will be an-

Synthetic Wastewater
Because of the difficulty of obtaining an actual coal conversion process waste, it was decided to use a synthetically prepared waste for
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Figure 1. Preliminary wastewater test sequence.
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TABLE 1. ORGANIC COMPOSITION OF SYNTHETIC WASTE

Compound

Waste A
Concentration mg/l

Synthetic Waste
Concentration mg/l

2000
1000

200
500

1000
400

500

1.
2.
3.
4.
5.

Phenol
Resorcinol
Catecbol
Acetic Acid
o-Cresol

400

400
40

6.

p-Cresol
3,4 Xylenol
2,3 Xylenol

2SO
250
250

25
25
25

Pyridine

120

120

Benzoic Acid

100

100

4-Ethylpyridine

100

100

4-Methylcatechol

100

50
50

7.

8.

9.
10.
11.
12.
13.
14.
15.
15.
17.
18.
19.
20.

so
so

Acetophenone
2-Indanol
Indene
Indole
5-Methylresorcinol

50
50
50

50
50
25

2-Naphtbol
2,3,S Trimethylphenol

so
so

50

2-Methylquinoline

40

40

21.

3,5 Xylenol

40

4

22.

3-Ethylphenol

30

23.

Aniline

20

3
20

24.

Hexanoic Acid

20

25.
26.
27.

1-Naphthol
Quinoline
Naphthalene
Anthracene

20
10

10

5

s

0.2

0.2

28.
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5

20
20

the laboratory verification studies. The organic
portion of the synthetic wastewater used for
verification purposes was derived from a formulation developed by Dr. Philip Singer from research conducted at the University of North
Carolina, Chapel Hill. 1 The concentrations of
organic compounds proposed by Dr. Singer defined a coal gasification wastewater with no
byproouct recovery steps. Because the laboratory verification was intended to test CAD
methodologies after byproduct recovery, the initial organic concentrations were modified to
simulate a phenol recovery step. The Phenosolvan® process was selected as a typical phenol
extraction process. Extraction recoveries expected from this process were estimated to be
99.5 percent monohydric phenols, 60.0 percent
polyhydric phenols, and 5.0 percent for other
organics.2
The phenolic compounds listed for waste A
(Table 1) were segregated by chemical structure, and values of 90 percent and 50 percent
removal were used to calculate the concentrations remaining after byproduct recovery of
monohydric and polyhydric phenols, respectively. No concentration adjustments were made for
"other organics."
The inorganic components of the synthetic
mix were selected after actual sample data from
several operating plants were reviewed. Table 2
lists the target inorganic concentrations in the
synthetic mixture.

TABLE 2. INORGANIC COMPONENTS OF
SYNTHETIC WASTE

Component

Concentration (mg/l)

F

2.0

Fe

0.2

Pb

0.04

Hg

0.007

P0

s

4

2.5
12.0

Zn

0.08

As

0.2

Cd

0.02

Cr

0.03

Cu
en-

0.1
1.0

size discharged from a well-designed primary
settler. A 200-L sample of synthetically prepared waste was passed through the cartridge
ftlter with no difficulty. The synthetic waste
typically had a fairly low suspended solids level
at the outset, and no problems with filter plugging were encountered. It was noted, however,
that the waste did exhibit a tendency to precipitate solids from solution upon standing. Several
filtrations were made at various times during
the laboratory study and the 200-L sample could
be passed through the filter in 15 min or less using a standard lab'oratory pump. Aeration occurred because of the pumping action, which
caused some foaming in the sample; but this
situation was not considered to be a significant
problem. It is possible that actual wastewater
samples will have a much higher level of solids
than was encountered in the synthetic waste.
Also, during chemical pretreatment for byproduct recovery, conditions could develop conducive to the formation of precipitates, thereby increasing the total amount of suspended solids in
the sample.
The filter cartridges are relatively inexpensive and easy to change when their filtering
capacity has been exhausted. It would be possi-

Solids Separation

Four candidate approaches were considered
for separation of solids by physical means: centrifugation, sand filtration, microstraining, and
cartridge filtration. Although it was felt that all
the above physical separation methods would
be applicable, the first three were. discarded
after evaluation of various factors including
degree of solids removal required; the kind of
specialized apparatus needed; the question of
logistics for storing, transporting, and obtaining
new filter media; the ease of operation; and the
reproducibility of results.
Filtration of the composite sample using a
polypropylene cartridge was deemed to be the
most favorable method for solids removal in the
CA screening procedure. A pore size of 75 µm
was selected as being descriptive of the particle
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ble to make several filter changes during a run.
if it became necessary, without a significant loss
of time. Cartridge filters are also available in
various pore sizes, and two or more filters of
gradually decreasing size could be used in series
to obtain a higher degree of solids removal, if required. The synthetic waste had no visible effect on the integrity of the cartridge or the filter
holder (both polypropylene).

front movement and breakthrough, which are
among the data needed for an actual column
design. Because only a limited number of samples can be taken during CA screening, it is not
proposed, nor is it necessary, to conduct this
detailed type of design study. Based on the foregoing considerations, continuous column operation was selected for use in screening; however.
the number of samples to be collected was limited to the feed and the composite effluent. The
volume of the feed to the carbon system will be
the amount needed to produce the samples for
analysis after the carbon test as well as from
any subsequent screening procedures, plus the
amount needed to displace "fill water" in the
columns. The feed volume will be contained in a
single vessel, pumped continuously through the
carbon beds, and collected in another vessel at
the effluent end. After an aliquot sample is
withdrawn for subsequent laboratory analysis.
the remaining effluent becomes the influent for
screening steps to follow. To determine general
column operation parameters, several isotherms are to be run on a small quantity of the
feed sample prior to the continuous run.
Table 3 summarizes the results of the activated carbon verification testing. A Freundlich isotherm was developed on the synthetic
waste sample to establish the effectiveness of
carbon treatment and to gain some insight into
the amount of carbon required to produce acceptable organic removal rates. The standard
COD analysis was used as a measure of organic
removal. The values of X/M (quantity of COD adsorbed per unit weight of carbon) were calculated and plotted vs. concentration of residual
COD in solution. The plot of the data shows a
definite break at carbon dosages of 20 g{L and
higher. The sudden change in slope indicates
that two (or more) classes of organics present
are not uniformly adsorbable (Figure 2).
Carbon column runs were made using the col·
umn design specified by the CAD wastewater
methodology-four 2-in I.D. glass columns con·
nected in series, each charged to the 3-ft level
with activated carbon (7.8 lb of carbon). The test
sequence for CAD (Figure 1) requires the use of
carbon at two points, before and after bio-oxida·
tion. After filtration the sample was equally div·
ided (84 L per run) for use during the column
tests.
In view of the apparent dual-adsorption re-

Activated Carbon
Evaluation of the effects of activated carbon
as a unit operation involves selection of a particular carbon, measurement of adsorptive capacity using batch isotherms, and development of a
breakthrough curve and regenerability characteristics determined from a continuous-flow
pilot column test. In a detailed concept design
study, a number of different carbons are examined using a particular wastewater before
the best candidate is selected for the column
tests. Considering the basic purposes for CA
screening procedures and the field time constraints imposed, the use of a single, somewhat
broad-based carbon is proposed. This approach
may not produce data using the best suited carbon, but the results will be sufficiently indicative of the applicability of carbon as a treatment
step and will still keep the investigations within
practical bounds.
Because it is a relatively simple matter to
perform carbon isotherms on a wastewater sample in the field to determine the approximate
organic loading and optimum pH conditions for
a specific wastewater, they have been included
as a prescreening procedure. Results of isotherm testing provide useful guidelines for the
column test runs in addition to the data they
furnish directly.
Two methods were considered for treating
the composite sample by activated carbon: continuous feeding through a series of carbon columns, and batch testing. Each batch treatment
of a composite sample represents only one equilibrium condition. It is anticipated that a microfiltration step for removal of suspended carbon
fines would be necessary before subsequent
processing steps could be performed.
Pilot column testing normally requires continuous sampling throughout the run at several
points in the carbon system to determine wave-
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TABLE 3. CARBON ISOTHERM RESULTS

Carbon Dose (M)
(8Jl/l Sample) (*)

COD Remaining (C)

COD Removed (x)
(mg/1)

(ms/l)

0

X/M
(mg COD/gm Carbon) (**)

0

0

1

5000
4653

347

347

5

3931

1069

214

10

3657

1343

134

20

1741

87

50

3259
. 1866

3134

63

100

1000

4000

40

(*) Corrected for 100 ml sample size used.
{**) Equivalent to lb. COD adsorbed/1000 lb. Carbon.

CARBON COLUMN TEST RESULTS
Run

ltuaber

Linear Flow
Rate (ml~mtn.2

Loading Rate
~gpm/ft2l

Influent Concentration
COD g[l
BOD 5[1

Effluent Concentration ~+2
BOD g/l
COD g[l

% Removal
COD

BOD

190

2.3

6864

2200

1714

440

75

190

2.3

1714

440

334

186

80

1 (A&B)

190

2.3

6864

2200

334

186

95

91

2

200

2.4

3581

1940

347

197

90

90

lA

80
lB

58

(+)

Corrected for dilution water in columns.

rt)

0

><I~

- 10

0

103

C • RESIDUAL. COD ( m;/I)
Figure 2. Carbon adsorption Isotherm.

gimes demonstrated by the batch isotherm, it
was decided to collect data during the first test
run in two stages. The 84 L of filtered waste
was pumped through fresh carbon in the columns, and the effluent was retained (Run A).
After the columns were rebedded with new carbon, the effluent from Run A was used as the influent to Run B.
The second portion of synthetic waste was
treated by the bi~xidation screening procedure and then fed to fresh carbon in the columns. Results of this test are indicated as Run

2. To varying degrees, carbon is effective in
reducing the COD and BOD of the synthetic
waste SJmple in both applications. By referring
to Table 3, it is seen that the combined Run 1
achieved essentially the same effluent COD and
BOD concentrations and percent removals as
Run 2. It must be recalled, however, that Run 1
was conducted in two stages and that twice the
carbon was bedded. The specified CA screening
procedures are more closely simulated by Run 1
alone. The data show that substantially fewer
(BOD/COD) organics are removed than in Run 2,
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which follows bi~xidation.
It can be postulated that lower molecular
weight organics were not retained in the fourcolumn system but were captured in an equivalent eight-column setup. Apparently, the fourcolumn system was able to produce a better effluent quality after one pass by virtue of the
reactions taking place during the bi~xidation
procedure.
The run time required to process an 84-L sample through the four-column system at a superficial velocity of 2 to 8 g/min/ft2 is appro:!dmately
8 hr. By increasing the column size to 3-in I.D.,
the sample could be processed in slightly less
than 8 hr at an identical superficial velocity. On
the other hand, the amount of carbon available
would be increased more than twice.
One disadvantage of increasing the column
size is that the dilution from the "fill" water existing in the carbon bed at the beginning of the
run becomes larger in relation to the size of the
sample being passed through the columns. In
any event, the dilution factor has to be considered when test results are interpreted and
should not substantially affect the evaluation of
activated carbon as a unit process, provided
that a sufficiently large sample is processed.
The synthetic waste demonstrated a tendency to form some additional solids on standing,
which were removed by the carbon bed. If real
wastes react similarly, it may be necessary to
perform a supplemental cartridge filtrii.tion before feeding the sample to the columns to prevent bed blinding.
The column design was modified slightly because plugging problems arose using the original fitted glass support materials. These were
removed and replaced with 50-mesh screen,
which was satisfactory for all subsequent runs.

system performance and design parameters for
that particular wastewater. Control assay
screening procedures are not developed for the
purpose of obtaining design data; therefore, the
continuous sampling after acclimation is not
necessary. However, to properly evaluate a
biological system as a unit process, it is imperative that an acclimated seed be used.
The requirement for an acclimated seed onsite posed several problems. A "wet" seed must
be continuously aerated and provided with
some type of feed substrate during transportation to a plant and on location. The possibility of
acclimating a sludge from a local municipal
treatment plant was also considered. While a
viable option, such an approach could introduce
unwanted contaminants to the system, depending on the type of industrial waste normally
treated at the local plant. Biological sludge from
a plant that normally treats coke oven wastes
would be ideal because components of this type
of wastewater are similar to many materials
found in coal conversion wastes. However, the
likelihood of being near this type of treatment
plant would be small and could not be realistically incorporated into the screening methods. In
essence, it was desirable to determine if there
were any feasible alternatives to using a wet
seed for the screening procedure.
By private communication, one investigator
reports experimentation examining the possibility of quick-freezing activated sludge for subsequent use. While interesting, the work is still
in an early trial stage and the results are too
tentative for inclusion in a screening procedure
at this time. A second alternative is the use of
dry bacterial cultures offered commercially by
several vendors.
Dry bacterial cultures are grown on an inert
material. The organisms are selectively mutated and segregated in accordance with their
ability to biologically degrade specific classes of
compounds. One such culture is purported to
specifically oxidize phenolic compounds, cyanides, and other similar contaminants. The
culture is marketed in a dry powder form and,
according to the vendor, the organisms are reactivated when added to warm water and aerated
for 24 hr. The dry bacterial culture route offers
a potential solution for the transportation and
acclimation problems posed by CA methodolo-

Blologlcal Oxidation

The original intent of wastewater treatment
evaluation was to have a field team onsite to
perform all aqueous screening procedures in approximately 1 week. Standard biological treatability testing using activated sludge n~rmally
requires.2 weeks to 1 mo of continuous operation for acclimation of the biomass to the specific waste being studied. After acclimation, an additional 8 to 4 weeks of data gathering under
steady-state conditions are required to provide
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test conditions. The data collected during these
runs are presented in Tables 4, 5, and 6.
Air-stripping tests were performed on batch
samplea of the synthetic waste to quantify the
loss of COD material (presumably) by volatilization and/or oxidation of the organic compounds
in the waste (Table 4). At the same time, tests
were conducted to determine the amounts of
COD and BOD added to a batch system by the
dry bacterial culture alone (Table 7). A supplemental air stripping/oxidation run was conducted near the end of the laboratory test to examine the effect of volume size on BOD/COD reductions. For convenience, these data are shown
in Table 5.
The bulk of the results support the proposition that the losses occur primarily through volatilization. However, there is some evidence
that chemical oxidation of the organics could
also be involved. Whatever the actual mechanisms might be, Tables 4 and 6 !Unit 1) show
that the cumulative effect of air stripping/ oxidation is essentially reached after 48 hr of aeration. Table 5 evaluates the effect of volume size
on BOD/COD reduction. A stripping action is definitely indicated by the fact that the (smaller)
units with greater air-to-liquid ratios demonstrated higher reductions.
The supplier's recommended standard procedure was followed for reactivating the dry bacterial culture. First, a measured amount (25 g) of
bacteria/ substrate material was added to 3 L of
distilled water, heated to 38° C (100° F), and
mixed for 2 hr. The batch was then aerated for
24 hr, and aliquots were taken to produce various concentrations for analysis. The test results
indicated that the· BOD and COD concentration
will increase as a result of adding the dry culture. Relationships are depicted in Figure 3.
The zero hour time did not include the initial
24-hr aeration period; therefore, the total aeration time from start of reactivation to the end of
the test was actually 96 hr. These tests indicated that the substrate material will provide
the bacteria with an adequate nutrient supply
for at least 72 hr, while also adding organic food
(COD) material to the system. Measurements of
oxygen uptake rates on similar systems confirmed the continued high biological activity
over the same time period.
Dry bacterial cultures can also be used as an
additive to an existing biological system. Be-

It was decided to test a dry bacterial culture
to ascertain whether or not it would serve as a
practical alternative for a wet seed and/or to try
to establish a relationship between system performance using dry bacteria as compared with a
seed acclimated to a waste in the more usual
manner. Tests performed to evaluate biological
screening procedures were divided into two
categories: batch testing and continuous systems. Additionally, experimental work was conducted to gain better familiarity with the characteristics and application of the dry bacterial
culture; and to explore some side issues that
arose during the test work that were relevant
to the overall bio-oxidation verification procedures.
The batch tests were performed either in 2-L
glass beakers or in 7-L cylindrical, stainless
steel containers. Vessels used for the continuous systems testing were 7.5-L capacity stainless steel tanks fitted with baffle plates at the
outlet to provide a quiescent zone for solids settling. The volume of the aerated portion of these
tanks was about 6 L.
An attempt was made to start a continuous
system using the dry bacterial culture. After
several days of feeding with dilute synthetic
wastewater, there was no apparent biological
growth. It was believed that the bacteria were
present as a dispersed growth and were being
lost in the effluent because there was no measurable solids production in the system and effluent COD values were consistently higher
than the feed analyses. Millipore filtration of
the effluent samples did not significantly reduce
the effluent COD results.
Data collected during the early exploratory
work with the dry bacterial culture contained
two anomalies:
• Effluent COD concentrations were higher
than influent values.
• The COD concentration in the open feed container dropped rapidly on standing.
The latter effect was substanially reduced- but
not totally eliminated- by covering the feed
vessel during the subsequent continuous biotesting studies.
The phenomenon of organic (BOD/COD) loss
from the synthetic waste mixture was addressed several times during verification testing through studies involving aeration of different batches of synthetic waste under varying
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TABLE 4. AIR STRIPPING/OXIDATION TESTS

Aeration Time
(hrs)

~

Run f 1
COD
Rem.
{mg/l)
%

0

5660

0

1

4228.

25.3

2

2686

52.5

4

2412

57.4

24

1965

65.3

Run #2
COD
Rem.
(mg/1)
%

COD
{mg/1)

Run #3
Rem.
BOD
_%_ (mg/1)

Rem.
%

COD
(mg/1)

Run #4
Rem.
BOD
%
{mg/1)

Rem.
%

5504

0

4761

0

3306

0

4280

0

2340

0

2046

62.8

2637

44.6

1408

57.4

3412

20.0

1980

15.4

48

1450

73.7

2030

57.4

960

71.0

2410

43.7

72

1580

71. 3

1834

61.5

760

77.0

2222

48.1

1200

48.7

~

CTI

NOTE:

Sample volume used was 15 liters.

TAIJLE 5. EFFECT OF VOLUME SIZE ON AIR STRIPPING/OXIDATION

Run 115- 22 gal. Volume
Aeration OnlI
Drx Bacteria
Rem.
Effl.
Effl.
Rem.
{mg/l)
(mg/l)
fil_
J&.

Run #6- 7 liter Volume
Only
Dry Bacteria
Effl.
Rem.
Effl.
Rem.
(mg/l)
J!L.
{mg/l)
fil_
A~ration

Parameter

lnfl.
{mg/1)

:SOD

1080

780

27.8

740

31.5

780

27.8

870

18.4

COD

7560

5520

27.0

5680

24.9

3760

50.3

3840

49.2

NOTE:

24 hours aeration period on all units

TABLE 6. BIOLOGICAL OXIDATION BATCH REACTOR RESULTS
Unit 13-Coke Oven Sludge

Unit fl-Air Strif2i!!l/Oxidatioa
% lte110val
Effluent
Influent

Influent

+ D!J: Bacteria
Effluent
% llelloval

Unit 14-Dry Bacteria
Influent
Effluent
% a-oval

Aeratioo
(hra)

2823
4848

1694
2698

39.9
44.3

2520
4806

1120
2078

55. 5
56. 7

2630
4886

1260
2368

52.1
51.5

2570
4860

1330

48.2
55.5

24

2162

IOD
11>
COD (11g/l)

2823
4848

960
1980

65.9
59.1

2520
4806

930
1584

63.1
67.0

2630
4886

660
1467

74.9
10.0

2570
4860

1130
2043

56.0
57.9

48

IOD ( . . /1)
COD (•g/l)

2823
4848

980
1879

65.3
61.2

2520
4806

510
1404

79. 7
70. 7

2630
4886

540
1275

79.4
73.9

2570
4860

840
1577

67.3
67.5

72

IOD (11g/l)

COD (ag/l)

c..

i

Unit 12-Coke Oven Sludge
Influent
Effluent
% Reraoval

ROTES

--Unit
Unit
Unit
Unit

11 contained 1.0 liter
12 coatalned 1.0 liter
13 contained 1.0 liter
14 contained 1.0 liter

tapwater plua 4. 5 liter• of vaate.
of activated aludge frOll continuoua Unit A plua 4.5 ~itera of vaate.
of activated aludge from continuoua Unit 8 plua 4.5 liters of vaate.
35 reactivated dry bacteria (8.75 gw111/l) plus 4.5 liters of vaate.

TABLE°?~

DRY BACTERIA-COD AND BOD DATA

BOD
Dry Bacteria Concentration

Aeration Time
(hours)

0.75 gm/l

Adjusted
Value*

1.5 gm/l

Adjusted
Value*

24

44

59

92

61

48

60

80

112

72

86

115

106

Average BOD increase:

2.25 gm/l

Adjusted
Value*

3.0 gm/l

Adjusted
Value*

Average
Adjusted
Value

128

386

128

94

75

290
274

121

268

89

91

71

140

62

314

104

88

91 mg/l/gm Dry Bacteria added

~

co

-.1

COD
Dry Bacteria Concentration

0.75 gm/l

Adjusted
Value*

24

80

48

102

72

245

Aeration Time
(hours)

Average COD increase:

1.5 gm/l

Adjusted
Value*

101·

165

136
327

177
280

3.0 gm/l

Adjusted
Value*

Average
Adjusted
Value

217

722

240

169

500

222

725

242

180

578

256

895

298

267

2. 25 gm/l

Adjusted
Value*

110

490

120
187

205 mg/1/gm Dry Bacteria added

*Mathematically adjusted to a Dry Bacteria concentration of one mg/l.

300

COD

250
~
~

....w

u 200

<
m
>-

~

0

~

150

:I
(!)

-....
--....

..J

~

.

100

BOD

5Q..___________________..,.....________.,.-____

24

48

TIME (hrs)
Figure 3. COD and BOD addition by dry bacteria.
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cause poor results were being obtained from the
continuous system, this operation was discontinued and replaced by two new continuous
units, each containing biomass taken from a
coke oven waste treatment plant. Identical
amounts of the synthetic waste were fed to each
of the units. Additionally, doses of the dry bacterial culture were introduced to one of the
units on a daily schedule prescribed by the supplier's instructions. Gradually decreasing
amounts of dry culture were added to this system until a "maintenance" dosage level (2 g/6 L)
had been reached. This dosage was continued
for the duration of the testing period. Sludge
from these units was later used for additional
batch tests. Results of the continuous reactor
testing will be discussed later in this report.

ent units. After 24 hr, there was little difference
among any of the reactors in either BOD or COD
removal, except for Unit 1, which was somewhat lower. The units containing coke oven
sludge (with and without dry bacteria) began to
show greater removals at 48 hr, and this trend
continued for the 72-hr samples. The reactor
containing dry bacteria alone showed very little, if any, superiority over the air stripping/oxidation reactor during the first day; and by the
end of the test, the removals were essentially
equivalent. Unit 3 {coke oven sludge plus dry
bacteria) had a slightly higher COD removal
rate than Unit 4 (coke oven sludge only), but the
difference was so small that it cannot be attributed to the dry bacteria. BOD removals for
these two units were identical.
Two continuous units were set up and operated for approximately 2 1/2 mo. Both units {A
and B) were seeded with a coke oven sludge; one
unit {Unit B) also received a daily dose of dry
bacteria. The systems were contained in identical stainless steel reactor tanks each having a
removable baffle to aid in clarification of the effiuent streams. The influent to both systems
was from a common tank, and various concentrations of synthetic wastewater were used as
the feed material. Initially, the synthetic waste
was diluted to one-tenth of the original strength
and later changed to one-quarter strength. During the final 3 weeks of testing, both units were
fed full-strength synthetic wastewater.
Figure 4 shows influent and effluent COD
data for both continuous units during the entire
test period. During the early part of the run, the
unit with dry bacteria addition {Unit Bl showed
higher effluent values. Vendor instructions on
the use of the dry bacterial culture as a supplemental addition were followed in Unit B. The
procedure specified a relatively high initial dose
followed by a dosage rate decreasing to a point
where only a maintenance dose is applied daily.
Presumably, the effluent COD pattern demonstrated in Unit B reflects the changing dosage
rate of the bacterial culture. (The effect of
culture dose on effluent COD has already been
discussed.) When the dry bacteria addition
reached the maintenance dosage level, COD removals for this system <Unit Bl reached a level
equivalent to the coke oven sludge system (Unit
Al.
During the final 3 weeks of testing, both units
were fed full-strength waste. The unit with the

Batch Testing

Three sets of batch tests were conducted,
each set consisting of four batch reactors
aerated for 72 hr. Samples from the reactors
were t.aken every 24 hr and analyzed for COD
and BOD. Air flow to each system was stopped
for 1 hr before sampling to allow for solids settling. One reactor (Unit 1) in each series contained
wastewater only (no biologically active seed introduced) for the purpose of comparing the effects of air stripping/ oxidation of the waste to
biological oxidation. The contents of the other
three reactors were prepared as follows:
• Unit 2-Wastewater plus coke oven sludge
(from continuous Unit Al.
• Unit 3-Wastewater plus coke oven sludge
with dry bacteria (from continuous
Unit Bl.
• Unit 4-Wastewater plus dry bacteria.
The batch testing {Table 6) revealed no
significant differences in BOD and COD removals between the dry bacteria system (Unit 4) and
the air stripping system (Unit 1).
Both of the systems {Units 2 and 3) using
coke-oven-activated sludge as the bulk of the
seed, performed similarly, with better removals
than the stripping unit and the dry bacteria
unit. In these b~tch tests, no significant difference was observed between coke oven sludge
alone (Unit 2) and the system containing supplemental dry bacterial culture (Unit 3).
Average COD and BOD removals were calculated to compare the effectiveness of the differ-
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F1gUre 4. Continuous biological reactor results.
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dry bacteria showed a much greater ability to
cope with the shock loading conditions encountered when the feed was abruptly changed to
full strength. The companion unit was adversely
affected by the change in feed, although it
gradually recovered over a 3-week period when,
because of time limitations, operation of all
units was discontinued.
Results from verification testing of the biooxidation screening procedure have produced
valuable information relevant to CAD wastewater methodology. If the synthetic waste mixture used in the experimental work closely
simulates a real-life coal conversion aqueous
waste, then a substantial portion of the organic
removals usually attributed to oxidation by
biological organisms may well be physically
stripped from the bioreactor as an air emission.
Consequently, a simple aeration step in parallel
with the biological treatment step appears warranted to ascertain the extent to which organic
removal through stripping/oxidation is occurring.
Based on results developed with one commercial dry bacterial culture mixture, the use of this
type of dehydrated product as a biological seed
does not meet the needs of the screening procedure. A wet seed approach must be adopted.
Moreover, the wet seed must be acclimated for
about 3 weeks to a waste stream that is generally descriptive of the material that will eventually be tested by the CA procedure.
Clearly, two choices present themselves. One
is to disregard the biological oxidation step entirely, which is not really reasonable, since this
approach will eliminate consideration of the effects of a major waste treatment unit process.
The second option is to begin biological acclimation (using a locally available activated sludge
as seed) 3 weeks in advance of the wastewater
screening study. During this time, the CA team
could be generating the air samples for IERL
Level 1 analyses.
At the outset of biotesting verification, it was
presumed that the team would use con analyses as the prime performance monitoring method, backed up by an occasional reference BOD.
In view ~f the experience gained during this
test work, some doubt is now cast upon the validity of using COD for these purposes. Changes
produced by aeration in the oxidation state of
dissolved ~aste ~rganics may be clouding the

dichromate chemistry and poaaibly producing
misleading data. It is recommended that the
team should be equipped with a TOC analyzer
for quantification of waste organic content and
for process monitoring purposes.

Ion Exchange
After discussions with an ion exchange resins
manufacturer, it was decided to employ a threeglass (2-in ID.) column system set up in series.
The first column contained a strong-acid type
resin, the second column was filled with a weakaeid resin, and the final column contained a
strong-base resin. Prior experience by the manufacturer suggested that this combination of
resins would remove the majority of ions expected to be present in a typical coal conversion
wastewater. To minimize pumping requirements, a single pump was to be used to introduce the sample into the first column and, by
proper positioning of the second and third columns, a continuous gravity flow would be maintained.
The ion exchange system was tested to evaluate its ability to process the required aqueous
sample within 1 work day. Excess solids in the
wastewater caused a flow rate problem in the
columns that was solved by filtering the sample
through the 75-µ.m cartridge and changing the
resin bed support media. A single pump was
used to introduce the wastewater into the first
column, and gravity Oow was employed through
the second and third columns. Constant adjustments to the column height and piping were
necessary to produce a continuous flow through
all of the columns.
CAD methodology specifies the use of ion exchange at two points in the test sequence (Figure 1): after bio-oxidation and after bio-oxidation
plus carbon adsorption. Reference analyses of a
few selected metals were made for these runs
and the results are shown in Table 8.
The gravity Oow concept was not acceptable
because unequal pressure drops through the
columns, caused primarily by differences in resin particle diameters, necessitated constant adjustments to the column heights to maintain a
continuous Oow. It bas been determined that
the sample should be pumped through one column at a time. to eliminate this problem. Furthermore, to reduce the possibility of plugging
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TABLE 8. RESULTS OF ION EXCHANGE TESTING

Influent

Run #1
Effluent

Run #2
Effluent

Iron as Fe, mg/l

0.7

1.5

0.7

Copper as Cu, mg/l

0.18

N.D.

0.034

Cadmium as Cd, mg/l

0.06

Zinc as Zn, mg/l

0.36

0.05
0.22

0.05
0.15

Parameter

Notes:
Run #1 was made on a sample after bio-oxidation plus carbon adaorption.
Run 12 was made on a sample after bio-oxidation only.
N.D. Indicates Not Detectable (less than 0.05 mmg/l).

the resins with solids, a cartridge filter should
be placed in-line before the first resin column.
The analytical data indicate that the ion exchange resins did remove metals, although
there was some performance variability from
metal to metal. The principal impact on CAD
methodology is that an overall comparison of
the effluents from both runs shows them to be
reasonably similar; therefore, two ion exchange
runs are not required for CAD purposes. The
ion exchange run after carbon adsorption is the
more appropriate site selection in the test sequence.
In view of the increase in column size (from
2-in to 3-in I.D.) suggested for the carbon screening procedure, it is logical to also change the ion
exchange column size to 3 in. This alteration will
gain some time during the ion exchange test run
and will serve to standardize the column sizes
for both screening procedures.

• Potassium permanganate, and
• Chlorine and chlorine-containing compounds.
For thermodyna~cally reversible reactions,
the oxidation reduction potentials can be used
as a quantitative measure of oxidizing power.
However, most reactions involving oxidation of
organic chemicals are irreversible and, therefore, the redox potentials are of little use for
predicting expected behavior.
Hydrogen peroxide will be added to the sample to oxidize any organic components remaining after being processed through the classical
treatment processes. This procedure was not
tested during laboratory verification.
Conclualona and Recommendations

Laboratory verification of the CA screening
procedures revealed several problems with the
original wastewater methodologies. Minor
equipment changes were made to facilitate sample handling, and a revision of the biological oxidation procedure was necessary. Figure 5
shows the steps in the initial CAD treatment sequence and includes verification testing results
for those processes examined.
Conclusions and recommendations developed
from the study are:
• Solids separation using an in-line cartridge
filter presented no difficulties, and this ap-

Chemical Oxidation

Phenolic compounds and numerous other
organic chemicals can be destroyed by reaction
with an oxidizing agent. The choice of an oxidizing agent rests primarily on its rate of reaction,
selectivity, cost, and ease of handling. Some
commonly used chemical oxidants are:
• Ozone and oxygen,
• Hydrogen peroxide,
442

COMPOSITE
BOD:
COD:
SS :
VSS:
pH :

2260
6666
382
226
8.0

FILTRATION
BOD:
COD:
SS :
VSS:
pH :

2200
6860
117
71
7.9

-

CARBON-!
186
BOD:
COD:
334
30
SS :
30
vss:
7.7
pH :

BIO-OXIDATION
BOD: 2110
COD: 3571
362
SS :
VSS:
271
pH :
7.6

ION EXCHANGE-!
BOD: 2100
COD: 3490
85
SS :
VSS:
42

Fe:

Cu:
Cd:
Zn:

1. 5
N.D.
0.05
0.22

CARBON-2
BOD:
COD:
SS :
VSS:
pH :

197
347
73
48
7.6

--

ION EXCl!ANGE-2
BOD:
COD:
SS :
VSS:
pH :

194
340
62
30
7.6

Fe:

Cu:
Cd:

Zn:

0.7
0.03
0.05
0.15

Figure 6. Results for synthetic waste sample.
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Figure 8 1how1 the final version of the
waatewater 1creening tHt 1equence.

proach will be adopted a1 originally con·
celved. If precipitatea form in the wa1te·
water sample, 1upplemental 10Ud1 filtra·
tfon1 may be required to prevent blinding of
the carbon and/or ion exchange resin beds.
• The effect of carbon adsorption should remain where proposed by the CAD wastewater methodology; i.e., both before and
after bio-oxidation.
• The carbon column diameter should be
changed from the 2-in I.D. specified to 8 in. A
few minor column design modifications are
also suggested.
• Verification testing data strongly support
the proposition that a substantial portion of
the BOD and COD removals demonstrated
during the bio-oxidation screening procedure can be attributed to air stripping (volatilization). Therefore, the CAD wastewater
methodology should be modified to include
an air-stripping step running in parallel with
the specified bio-oxidation screening procedure.
• Insufficient benefit is derived from the use
of a dry bacterial culture during the biooxidation screening procedure to warrant
its adoption in the testing protocol.
• To be effective, bio-oxidation screening
must use an activated sludge that has been
acclimated to the wastewaters under consideration for a period of 8 weeks prior to the
formal initiation of the CAD wastewater
methodology. While acclimation is underway, it is anticipated that the CAD team
would be pursuing the screening procedures
specified by CAD air methodologies.
• Based on experience derived during the
verification testing, the use of COD analyses
as the monitoring method should be replaced by TOC to provide a faster and more
accurate analysis of the organic composition
of the samples.
• The gravity flow concept throught the ion
exchange columns is not acceptable as a
CAD screening procedure. The wastewater
sample should be pumped through each column.
• Evaluation of the effects of ion exchange
should be studied only after carbon adsorption and not before. The wastewater testing
sequence should be altered accordingly.
• The ion exchange column diameter should
be standarized at 3 in.

GASEOUS EMISSIONS SCREENING
Control technology for screening gaseous
samples to determine potential treatment
methods must include unit operations for the
removal of particulates and gases/Vapors of concern. Either cla11 of materials m~y be organic or
inorganic. The types of control technology for
gas treatment include mechanical collection, ·
electrostatic precipitators, filters; liquid scrub-'
hers/ contactors, condensers, solid t1orbents, and
incineration.
Sampling of air streams for Level 1 CAD is
much more difficult than the simple grab procedures specified for liquids. The inability to bring
sufficient sample volume into the CAD mobile
test facility, as is possible with liquid samples,
limits the use of a number of unit operations
and/or desirable strategy that can be applied in
the air methodology. The practicality of performing certain types or large numbers of CAD
tests at the source may be restricted by such
factors as limited working space on a platform,
logistical problems servicing a platform, plant
restrictions on use of nonexplosion-proof equipment, personnel safety, requirement for specialized equipment (e.g., SASS train), and the analytical load generated by a broad test plan.
Based upon the above considerations, the
Level 1 air methodology was developed to be
flexible but more reliant on process information.
This permits the user of CAD to be selective in
choosing a screening system and may allow a
more simplified approach to certain streams.
The various screening sequences available in
Level 1 CAD are presented in Figure 7.
Unit operations considered for the air methodology but not being evaluated in the sequence
are electrostatic precipitation, flaring, and incineration. The following sections indicate the
reasons for their exclusion.

Electrostatic Precipitation
The selection of electrostatic precipitation
technology depends heavily on conductivity and
resistivity properties of the gas stream. Instead
of testing a prototype electrostatic precipitator
unit as a CA screening procedure, measurement
of the following properties is recommended to
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SOURCE A

SOURCE B

BV,PROOUCT
REMOVAL

FOR LEVEL I
ASSAY
COMPOSITE

SOLIDS REMOVAL

- -- -

-

-

--- -
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-

CARBON
ADSORPTION

AIR STRIPPING/
OXIDATION

BIO-OXIDATION

CARBON
ADSORPTION

ION EXCHANGE'

CHEMICAL
OXI CATION

____

..._.

-

2

-- 3
_....~._4

________ ,

- - - - - ....... - 7

-----------8

Figure 6. Anal wastewater test sequence.
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.

-
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-

GAS
~
COOLING
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IA, 18,IC

-

2

I
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Figure 7. Preliminary air testing sequence.
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normally include process lines, internal recycle,
or waste gas lines directed to control devices.
Open vents or stacks that are considered
sources of uncontrolled fugitive emissions are
not recommended for CAD. Examples of these
sources include relief systems, pressure letdown or control systems, emergency vents,
leaks, spills, etc. They are normally highly
variable in composition, rate, frequency, and
duration, and control technology is often uneconomical or difficult to apply. When the materials
are hazardous, it is common to collect the vapors in an exhaust system and direct the combined flow into a central control system such as
a scrubber or flare. Discharges from control
systems are usually of interest to CAD.
Vents, stacks, and other point sources of air
emissions are usually too numerous in the plant
site to permit a CAD assessment of each discharge. A cost-effective program can best be
achieved by performing a reasonably complete
engineering review of the available data before
finalizing sample points. Process and engineering flow sheets, process and treatment description, and all other information should be studied
prior to a preliminary site visit. During the
visit, information gaps may be filled by discussions with plant personnel and/or inspection of
equipment and devices. If it can be established,
for example, that the emission is a vapor and
contains no particulate matter, the most complex and costly test configuration requiring particulate sampling modules can be avoided. Furthermore, if the source is a pure, single-component organic material (such as breathing and filling vapors from a storage tank), CAD may not
be needed at all because emissions can be calculated and potential control technology
selected based on the material properties.
IERL Level 1 sampling protocols are employed in Level 1 CAD air methodology. The
sampling apparatus for a Level 1 assessment
are the grab bulb, for gaseous samples only, and
the SASS, for gaseous streams containing particulate. The control technologies recommended
for CAD air methodology are particulate removal, gas cooling (condensation), liquid scrubbing,
and carbon adsorption. The equipment for these
operations is constructed and assembled as modules (Figures 7 and 8). Following is a brief description of each module and its function in
CAD.

supplement existing Level 1 protocols:
• Particle resistivity,
• Particle size-average diameter,
• Specific gravity,
• Bulk density, and
• Particle size distribution curve.

Direct Combustion (flare)
Flaring is acceptable cpn~rol technology for a
number of applications, principally in the petroleum refining and other industries where upset
conditions involving large volumes of flammable
gases can be economically handled. It is not
recognized or recommended as best available
control technology by regulatory agencies due
primarily to lack of a sufficient data base. A major disadvantage is the absence of equipment
and practical techniques to sample the products
of combustion and monitor performance. Methods and equipment sizes used in pilot-plant test
runs are not practical for CAD and have not
yielded data that can be used for scaleup design
or prediction of performance. The disadvantages of flares are presently too great for the
unit operation to be useful in CAD.

Direct Flame Incineration
Thermal incineration is one of the most effective means for disposal of hazardous waste
gases and, despite high capital and operating
costs, will likely be specified more frequently in
the future for problem pollutants. A proper
evaluation of the capability of incineration
would involve study of key parameters such as
residence time and temperature. The manipulation of a number of variables is beyond the
scope of Level 1 CAD and, coupled with the general difficulty of handling large volumes of sample, screening tests on incineration become impractical and are not recommended. Incinerator
manufacturers, however, have compiled a large
data base on the thermal oxidation of organic
materials, and there is also a high level of confidence that almost any organic material can be
destructed.
The Level 1 air methodology is applicable to
any point source where a Level 1 environmental
assessment might be performed. This is generally intended to mean those sources that discharge directly to the atmosphere and does not
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ply to CA but may be modified to accommodate
a more flexible approach in air methodology.
Thia la Uluatrated In Figure 8, which outline.
alternative screening arrangement• and as·
aociated aampling requlrementa. For CA acreening procedures, the standard SASS modules are
used in the following manner:
• The particulate removal module (cyclones
and filter) is used for preconditioning of the
stream prior to entering control devices.
• The gas-cooling module of the SASS train is
used in CAD for evaluating condensation
control technology. Operating this module
according to Level 1 assessment parameters
will serve both as condensation screening
technology and the means to provide a sample for evaluation of the applicability and effectiveness of condensation.
• The XAD-2 cartridge and the impinger module in the sampling system (see Figure 9) is
designed to collect the residual. A side benefit is the removal of corrosive material that
would cause damage to the vacuum pump,
dry gas meter, and other components downstream.
The complete Level 1 analytical protocols
shall be performed on the gas samples produced. The CAD sample sizes shall meet the requirements for Level 1 analytical protoeols.
These are presently:
• GC analysis: 3 L (grab);
• Physical/chemical testing and health effects:
30 m3 (passed through SASS train); and
• Ecology effects: 1,360 L (grab).

P1rtlcul1te Removal

The module i1 a 1tandard SASS train cy·
clone/filter a11embly, contained in a heated
oven. For CA 1creening purpo1e1, thi1 module
1erve1 only to pretreat the ga1 when particulate
i1 present.
Gas Coollng

Hot gases must be cooled to at least 55° C
(180° F) before entering an activated carbon
module. In commercial practice, gases are often
cooled to permit use of cheaper materials of con·
struction (e.g., plastics) in downstream ducts
and equipment. In addition to cooling as a protective measure, condensation of volatile mate·
rial is a valuable control technology. This module also will be a standard SASS train component, except that the sorbent cartridge is not
used and will be taken out of line.
Scrubbing

Liquid scrubbing, using an aqueous alkaline
solution, is specified as the primary control
technology in Level 1 CAD screening for removal . of pollutants in acid gases. Several media
were investigated and sodium carbonate was selected. C02 is a common component in many
gaseous streams and wilJ be absorbed in media
such as sodium hydroxide, requiring a large volume of solution and causing logistical problems.
The capacity to remove acidic components at expected concentrations cannot be handled in the
standard SASS impinger assembly. Therefore,
a small counter-current scrubber must be used.

Laboratory Verification

In developing the CAD air methodologies,
typical unit operations needed to remove particulates and gases/vapors from air emissions
were evaluated. For various reasons, some of
these operations had to be excluded from consideration as CA screening procedures. Control
technologies eventually selected for the CAD
methodology included particulate removal, gas
cooling (condensation), carbon adsorption, and
liquid scrubbing.
The SASS, developed for IERL Level 1 sampling, made use of all these mechanisms for
separation and collection of gas stream contaminants and therefore initially seemed to be an
ideal system for use in CA screening proce-

Carbon Adsorption

Activated carbon is being studied for removal
of trace quantities of organic and inorganic materials. The economics of regeneration usually
preclude carbon being used as the primary technology for removal of high concentrations of
organics. Regeneration will not be studied in
Level 1 CAD. The module is a column canister
sized to contain a sufficient quantity of activated carbon. Calculations show that the
capacity of a standard SASS sorbent module is
not adequate for CAD studies.
The general principles of IERL sampling ap-
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dures. It was thought that activated carbon
could replace XAD-2 in the same cartridge.
However, subsequent calculations showed that
the capacity of the standard XAD sorbent module used in the SASS train would not be adequate for these studies.
Several scrubbing media were investigated
and sodium carbonate was selected as the most
promising. The capacity needed to remove acidic components at expected concentrations was
also calculated, and it was determined that the
standard SASS impinger assembly would not
hold the required volume. The existing condensation module in the SASS train was not expected to be a problem because sample flow
rates and test duration would be similar to
those encountered in IERL Level 1 sampling.
In order to provide the extra capacity required for scrubbing, a counter-current, packedcolumn scrubber with an 8-L reservoir was
designed. A 4-in I.D. by 5-ft glass column containing 3 ft of Raschig rings as packingwas used
during verification testing.
Likewise, a larger canister to contain the activated carbon was specified. A 4-in I.D. by 3-ft
glass column containing 10 lb of activated carbon (3-ft bed depth) was used for testing.
Figure 9 shows the configuration of the
modified screening train as assembled to
evaluate scrubbing followed by activated carbon. Both control technologies can be evaluated
separately if a process review indicates no need
to study both systems in series.
The solids removal module of the standard
SASS has been incorporated into the train.
However, particulate removal technology will
not be evaluated during screening because data
for evaluating the effects of solids removal
technologies/control devices are obtained by the
standard IERL Level 1 sampling protocols, as
amended by CAD methodologies. When a gas
stream with a high particulate loading is sampled, this module will prevent particle buildup
on the activated carbon. The condenser module
serves two purposes: for · cooling of the gas
stream (to a carbon influent temperature of
55° C or less), and as a separate unit process for
removal of low-boiling organics.
The standard SASS train presently requires
two vane-type pumps arranged in parallel in
order to maintain a sample flow rate of 4 ft 3/min
through the sample collection portion of the
train.
·

During a sampling run, particulates gradually
build up on the filter causing an increase in
vacuum at the pumps. If this vacuum becomes
too great, the desired flow rate cannot be maintained and the system must be shut down in
order to replace the filter. Incorporating two additional modules in the train (scrubber and carbon adsorption modules) increases the total
pressure drop across the system.
A SASS train was obtained from the
manufacturer to quantify the effects of the added components on the system. Testing was accomplished by drawing room air through the
SASS train alone, SASS train with carbon inline, and the complete system (SASS plus carbon canister and 'scrubber modules). Vacuuin
hoses with an I.D. of 1/4 in were used to connect
the extra modules to the SASS train. Tests
were also performed to determine the pressure
drop across these lines. All vacuum readings
were taken from the gauges supplied with the
pumps, and gas flow rate measurements were
made using the gas meter and timer that are
part of the SASS train control unit. Before the
tests were conducted, a filter was placed in the
filter holder, three of the impingers were each
filled with 750 mL of tap water, and the fourth
impinger was charged with silica gel. XAD-2
resin was placed in the sorbent cartridge
assembly. Results of these tests are presented
in Table 9.
Proper operation of the cyclones is dependent
on the sample gas flow rate through the system,
with 4 ft3Jmin being the optimum design flow
rate. At this rate, a typical test run collecting
1,000 ft 3 of sample has an approximate duration
of 4.5 hr. Depending on particulate loading in
the gas stream, it may become impossible to
maintain a 4-ftSJmin flow rate through the modified SASS irain (scrubber and carbon modules
in line): however, the only problem this presents
is an extended sampling period. For the purposes of the screening procedures, it is not absolutely necessary to maintain the 4-ft8Jmin flow
rate.
The sample flow piping in the standard train
is lfi-in l.D.: it is recommended that this size
tubing be used for the design of the actual
screening train to eliminate the pressure drop
caused by the smaller diameter tubing. The
modular construction of the entire screening
train makes it a simple matter to add or delete
components or rearrange the sequence of any of
451

TABLE 9. SCREENING TRAIN PRESSURE DROP TESTING

Flow Rate
(cfm)

Vacuum
(in. Hg)

Flow Rate
(cfm)

Vacuum
(in. Hg)

Standard SASS

4.0

B.5

3.0

6.0

Scrubber and Connecting Lines
Connecting Lines (Only)
Scrubber

4.0

B.5

3.0

5.0

4.0

6.5

3.0

4.0

4.0

2.0

3.0

1.0

Carbon Columns and Connecting Lines 4.0
4.0
Connecting Lines (Only)
4.0
Carbon Columns

5.0

3.0

4.0

4.5

3.0

3.5

0.5

3.0

o.s

4.0

18.5

3.0

9.0

3.7

15.0

TOTAL SYSTEM
(Standard SASS with both scrubber
and carbon columns on-line)

determine both HaS and total hydrocarbon concentrations. From the mixing chamber, the
gases then flowed through the scrubber unit
and the carbon canister. Several test runs were
made on each unit separately, and one run was
conducted to determine H2S and hydrocarbon
removals with both units in series. Total hydrocarbons were measured by taking a 100-em8 gas
sample and injecting directly into a gas chromatograph equipped with a flame ionization detector. Methane was used as the standardization
gas, and, therefore, the results are presented as
total hydrocarbons expressed as methane. Hydrogen sulfide levels were measured by drawing a sample of the gas directly through ~S
detector tubes. Results of the testing are
presented in Table 10.
The results of pilot scrubber testing indicate
that 8 L of sodium carbonate scrubbing solution
will not be adequate when a 1,000-ft8 sample is
drawn that has an acid-gas concentration (H 2S,
802, etc.) of 2,000 ppmv or greater. It was
observed during the test period that the scrubber solution became totally ineffective at a pH
of 10.0 or less. It is recommended that the solution concentration be increased to 2-Normal,

the units, depending on prior knowledge of the
gas stream constituents and/or the desired application of the train at a particular source.
Preliminary calculations indicated that 8 L of
scrubbing solution (1-Normal sodium carbonate)
would be required to scrub 1,000 ft8 of sample
with an HaS concentration of approximately
2,000 ppmv. Additional calculations indicated
that 5 lb of activated carbon would be adequate
for removal of organic compounds expected in a
waste gas stream. To verify these calculations,
the special gas blend with the following composition was utilized:
• Carbon dioxide
70 percent
• Nitrogen
29.55 percent
• Hydrogen sulfide
2,000 ppmv
• Ethylene
2,500 ppmv
Two gas cylinders were required to obtain this
blend, the first containing the N2, H2S, and
Ctff4, and the second containing the C0 2• Flow
rates from both cylinders were monitored by
the use of rotometers and dry gas meters and
were adjusted to obtain the desired final gas
composition (Fig\lre 10).
The gases were first introduced into a mixing
chamber where initial samples were taken to

452

@ - SAMPLE

POINTS
----OPTIONAL SCRUBBER

BYPASS

EXHAUST
TO
HOOD

-

C02

f
I

I
I

I

I

I

I

I

L __ _J
ROTOMETERS
GAS
CYLINDERS

MIXING
CHAMBER

SCRUBBER

GAS
METERS
Figure 10. Pilot scrubber mxf carbon adsorbet- test apparatus.

CARBON
CANISTER

TABLE 10. RUN #1-SCRUBBING FOLLOWED BY CARBON ADSORPTION

Time

(ainutes)

Gas Volume
(cubic feet)

0

Inlet Concentration
Total Hydrocarbon*

(ppm)

2400

1060
1250;

Outlet Concentration
H S (ppm) Total Hydrocarbon*
2

825

% Removal
Total Hydrocarbon

5.7

5

1000

99.8

10

1275

99.6

25

37.2

2400

60

94.6

2100

40

98.1

90

143.2

2200

100

95.4

105

167.1

2400

240

90.0

120

192.6

2200

500

77 .2

150

240:6

2400

1250

47.9
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and that the total volume available in the reservoir be increased to 16 L. As an extra precaution, a pH meter should be used to monitor the
condition of the scrubbing medium. If it is necessary to halt the run for a filter change at any
time during the test, the scrubbing solution
should also be replaced at that time.
Removal of ethylene from the test gas stream
by activated carbon was very poor. It
not
known whether this was due to an inherently
low adsorption capacity for this compound onto
the test carbon, or if the large quantity of carbon dioxide present in the stream resulted in
flushing the ethylene through the system. Organics with higher molecular weights stand a
much better chance of being adsorbed on the
carbon and, for this reason, it is recommended
that the carbon module be retained in the
screening program. It is not practical to substantially increase the amount of carbon used in
the screening train because the train already
consists of many modules large enough to preeent problems when the sample location is difficult to reach, and space at the sample point
will be restricted in most cases. The screening
procedure for carbon during Level 1 may be
somewhat limited, but will, nevertheless, be indicative of the potential of the process for
removing organic contaminants and will serve
as a guide for future studies.
In order to obtain meaningful results from
the tests, it is imperative that each source to be
evaluated be sampled according to the Level 1
IERL methods, in addition to the screening
sampling. Ideally, both tests will be run simultaneously. If this is not possible, process data
for each source must be evaluated to determine
the constancy of operation, and judgment must
be used to assess the reliability of comparing
data from two nonsimultaneous test runs.
The 8-L grab samples will be taken as shown
in Figure 11. In addition, an optional sample of

1,360 L will be taken at these sample points for
use in the stress ethylene test. This sample is
listed as optional at this time pending modifications of the analytical procedure.

Conclusions and Recommendations
A summary of conclusions and recommendations based on the laboratory work with simulated waste gas is presented below:
• The screening procedures using scrubbing,
carbon adsorption, and condensation should
be adopteCi.
• Special supplemental scrubber and adsorber
modules will be required to be used in conjunction with the SASS equipment.
• The supplemental modules increase the
pressure drop across the sampling system.
It is recommended that the sample flow rate
be reduced to 3 ftStmin (Level 1 IERL procedures specify 4 ftS/min for optimum operation of the particle sizing module).
• A 2.0 normal solution of sodium carbonate
will be used as the scrubbing media. This
solution should be replaced during the test
whenever the pH falls below 10.0 standard
units.
• Figure 11 shows the screening train options
available for air sampling.

is
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EVALUATION OF COAL CONVERSION
WASTEWATER TREATABILITY
Philip C. Singer,• James C. Lamb III, Frederic K. Pfaender,
Randall G. Goodman, Randy Jones, and David A. Reckhow
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water treatment so they may be disposed of in
an environmentally acceptable fashion.
In an earlier report, Singer et al. 1 presented
the results of a literature review and survey
showing that the composition of wastewaters
from different coal gasification and liquefaction technologies is relatively uniform, especially with regard to the phenolic constituents.
Phenol appears to be the major organic constituent, and phenolics as a class constitute 60 to
80 percent of the total organic carbon (TOC) in
the wastewater. Other classes of organics, such
as mono- ·and polycyclic nitrogen-containing
aromatics, oxygen- and sulfur-containing
heterocyclics, and polynuclear aromatic hydrocarbons, appear to be present at significant
concentrations. In this paper, the preliminary
results of a study directed at evaluating the
biological treatability of coal conversion wastewater is presented.

Abstract
This paper describes preliminary results
from an experimental program that evaluates
biological treatability of coal conversion
wastewater. The experimental approach in·
eludes preparation of a synthetic wastewater
designed to simulate a practical coal conversion discharge. Design and operation of four
biological reactors and the preliminary results
from the first few months of synthetic wastewater treatment are described. Data analyzed
include chromatographic analyses of the wastewater and reactor effluents, as well as cytotox·
icity analyses using Chinese hamster V79 cells.

INTRODUCTION
Most coal conversion technologies incorporate or project aerobic biological treatment
as the principal means of removing phenols and
other organic impurities from process wastewaters. However, the nature and biodegradability of many of these other organic materials are not known, and the extent to which
they can be removed by biological treatment
cannot be reliably predicted. Synergisms and
antagonisms resulting from the complex nature of real wastewaters are especially uncertain. Because even well-operated biological
treatment processes typically remove only 86
to 96 percent of the influent BOD and a significant portion of the wastewater organics may
not be biodegradable, biological treatment
alone may not provide an environmentally acceptable discharge. In view of these considerations, a need exists to identify the nature and
characteristics of aqueous discharges from coal
conversi9n processes, assess their environmental impact, and develop satisfactory waste-

APPROACH
Biotreatability studies require the use of acclimatized microbial cultures to insure accurate evaluation of biological treatment systems and for preliminary assessment of key parameters in establishing the effectiveness of
such treatment. Meaningful assessment of potential toxicity of wastewater constituents in
biological treatment is impossible unless the
test cultures have been acclimatized to the
wastewater in question.
Ideally, biotreatability studies should be
conducted using the specific wastewater for
which the treatment is being developed. In this
study, however, it is not feasible to use actual
wastewaters from coal conversion operations
because coal conversion processes are still in
the developmental stage and it is unlikely that
a suitable, consistent, and representative
wastewater could be obtained. Accordingly, a
synthetic organic wastewater was formulated

•speaker.
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to provide a mixture of organic compounds, at
known and reproducible concentrations, to be
used in acclimatizing and maintaining microbial cultures for preliminary biotreatability
studies. The synthetic wastewater is used to
feed several bench-scale pilot reactors. In addition to generating acclimatized organisms for
biodegradability studies (to be reported elsewhere), analysis of effluents from the reactors
provides information on wastewater characteristics at various levels of biological treatment.

water, or the median of the class if only one
compound from that class was picked. When
the concentration of a specific compound
selected was not known, it was included in the
synthetic wastewater at the median concentration for its class.
Table 1 presents the composition of the
wastewater formulated in this manner. Twenty-eight organic components are included, as
well as inorganic nutrients and pH-buffers. The
synthetic wastewater represents all major
classes of organics present in real wastewaters
for which data are available, and virtually all
specific organic compounds that have been reported to be present at high concentration. The
total organic carbon (TOC) concentration of all
the components is 4,636 mg/L.

FORMULATION OF SYNTHETIC COAL
CONVERSION WASTEWATER

Several criteria were employed in choosing
specific compounds and their concentrations to
be included in the synthetic wastewater. Because this waste would be used as a means of
developing an acclimatized culture of microorganisms, most of the compounds selected are .
known or thought to be biodegradable. However, not all of the identified constituents of
coal conversion wastewaters can be used by
microorganisms. Accordingly, some compounds presumed to be slowly degradable or
nondegradable, as deduced from earlier biodegradation experiments, 1 were included (e.g.,
2-indanol, indene, 2-methylquinoline, and
3,5-xylenol).
When the composition of the synthetic
wastewater was formulated, it was desired
that concentrations of the various components
should be similar to those encountered in real
wastewaters. Accordingly, reference was
made to a summary of the constituents. identified in coal conversion wastewaters 1 and the
range, midrange, and median concentrations
were determined for each constituent and for
each class of compounds (e.g., cresols, xylenols,
heterocyclic N-compounds, etc.). From each
class, one or more compounds were chosen
based on biodegradability and reported concentration. The specific compounds chosen
were usually the compounds within each class
that were reported at the highest concentrations in the real wastewaters. Often, if a class
contained many components, or if differences
in biodegradability among the components of a
given class were anticipated, more than one
chemical from that class was chosen. The concentration selected was the median value reported for that compound in the real waste-

DESCRIPTION OF PILOT UNITS

Four 25-L biological reactors were constructed for use in the initial phases of the pilot
program. Each reactor consists of a 71/1 in ID
lucite tube, 4 ft long, fitted at the bottom to a
stainless steel cone with a 45° slope <Figure 1).
Each reactor has 'overflow and sampling connections located at apprGpriate heights to retain the desired volume of contents in the reactor and to permit withdrawal of samples from
desired elevations. The stainless steel cone is
equipped with connections to permit draining
of the unit and nipples for introducing air and
feed solution at the bottom of the cone.
A compressor, operating through a pressure
regulator, supplies air to each reactor at a rate
adequate to insure thorough mixing and maintenance of aerobic conditions in the mixed liquor at all times. The rate of air supply is controlled through the use of rotameters and
needle valves.
The units are fed synthetic wastewater from
a glass storage reservoir mounted on a large
magnetic mixer. The wa~tewater is fed to each
reactor by a variable-speed peristaltic pump.
The reactors are operated as continuous-flow
activated sludge systems with no recycle of
solids (biomass). Hence, solids residence time
or sludge age equals hydraulic detention time.
The pump feeding Reactor 1 (with a 5-day
hydraulic detention time) is operated continuously. Pumps supplying feed to the other
three reactors (operated at 10-, 20-, and 20-day
hydraulic detention times, respectively) are ac458

TABLE 1. COMPOSITION OF SYNTHETIC COAL CONVERSION WASTEWATER

Compound
1.
2.

3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21..
22.

23.
24.
25.
26.
27.
28.

Concentration, mg/1

Phenol
Resorcinol
Catechol
Acetic Acid
o-Cresol
p-Cresol
3,4-Xylenol
2,3-Xylenol
Pyridine
Benzoic Acid
4-Ethylpyridine
4-Methylcatechol
Acetophenone
2-Indanol
Indene
Indole
5-Methylresorcinol
2-Naphthol
2,3,5-Trimethylphenol
2-Methylquinoline
3, 5-Xylenol
3-Ethylphenol
Aniline
Hexanoic Acid
1-Naphthol
Quinoline
Naphthalene
Anthracene

2000
1000
1000
400
400
250
250
250
120
100

100
100
50
50
50
50
50
50
50
40
40
30
20
20
20
10
5
0.2

theoretical ETOC • 4636 mg/1
NH4Cl (1000 mg/1 as N)

Mgso

• 7H

3820
22.5
27.5
0.34
170
435

o
2

Ca Cl 4
FeNatDTA
Phosphate Buf ~er:

668
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tuated by a clock that operates them for a predetermined time once every half hour. (Two reactors operate at the same 20-day detention
time to allow one reactor to be isolated for use
as a ehemostat to provide seed organisms for
parallel biodegradation investigations; the
other 20-day reactor is used with the 5- and
10-day reactors to provide operating data to
characterize reactor performance as a function
of solids residence time.) Overflow from each
reactor is collected in a glass reservoir and the
amount of wastewater actually fed is determined daily by measuring the amount of effluent collected in that container.
Because of the potential hazard of some
chemicals in the wastewater and the need to
eliminate objeetional odors in the working
area, an exhaust system was installed to vent
the units continuously to the outside of the
building. The exhaust system consists of a
blower mounted at the outside wall, thereby
maintaining the air duets under slight vacuum to insure that gases from the reactors.
always flow into the exhaust system and not into the room. The feed reservoir is also vented
to the exhaust system to prevent the escape of
gases from that unit into the room.

Carolina, municipal wastewater treatment
plants. The feed of synthetic wastewater was
increased gradually over a period of several
days to allow time for acclimatization of the
microorganisms to the wastewater. However,
during the first few weeks after startup, all of
the units began to fail as evidenced by increased TOC concentration in the effluents and
decreased solids concentration in the reactors.
Failure occurred first in the 5-day reactor, then
in the 10- and 20-day reactors. The exact reason
for failure is unknown, but several possibilities
have been considered. Operating procedures
during the early stages of the investigation
were uncertain and made it possible for the
concentration of dissolved oxygen in the reactors to drop occasionally to zero. Also, the pH
decreased to low levels (approximately 4.0) and
remained there for extended periods. Further,
there is a possibility that some wastewater
constituents could have exerted a toxic effeet
on the microorganisms as concentrations of the
constituents built up in the reactor during the
period following startup. The pattern of failure, in order of increasing reactor detention
time, is consistent with the latter hypothesis.
Because of the possibility of toxic effects and
a desire to stabilize operations as quickly as
possible, it was decided to reduce the strength
of the synthetic feed during these initial investigations to one-quarter of that listed in
Table 1. Other investigators have had to resort
to similar dilution procedures in order to treat
coal conversion wastewaters biologically. The
resulting diluted version, with a theoretical
TOC of 1,159 mg/L, is not inconsistent when
compared with biotreatability experiments
being conducted by others. (The concentration
of TOC measured in the feed averaged 1,600
mg/Lover the course of the runs because of the
addition of acetone to solubilize the organic
constituents in the feed.) At a later date, the
question of treating the synthetic wastewater
at higher strengths will be addressed. Accordingly, the reactors were started up again using
a synthetic wastewater diluted to one-quarter
of the concentration specified in Table 1.
A significant change in the color of the synthetic feed solution was observed over the
several days during which it is used to feed the
reactors. Attempts have been made to determine possible changes in wastewater composition during this time through periodic meas-

a

OPERATION OF PILOT UNITS
The synthetic wastewater is made up in 16 L
batches. Carbon-filtered Chapel Hill, North
Carolina, tap water is used as dilution water to
which the.·28 constituents, shown in Table 1,
are added. This is accomplished by adding appropriate quantities from concentrated stock
solutions which are prepared periodically from
reagent grade chemicals and stored under refrigeration until use. In order to prepare some
of the concentrated solutions containing compounds of limited aqueous solubility, an
organic solvent was required to maintain solubility in the stock solutions. Accordingly,
acetone was employed for this purpose. While
this introduced an extra constituent into the
wastewater, it was believed that much of the
acetone would be removed through air stripping during the long detention times in the
reactors. Hence, the TOC concentration of the
raw wastewater is actually somewhat higher
than that shown in Table 1.
The reactors were started up using activated sludge from one of the Durham, North
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tensive sampling would have been discontinued and the operations modified to another set
of reactor conditions. During the intensive
sampling period in early June, however, the
data for TOC and MLSS indicated clearly that
steady-state operation had not been attained.
Effluent TOC in all of the reactors rose sharply, beginning about June 9, leading to a decision to postpone the intensive analysis program until a more consistent performance
could be achieved.
The exact cause for the substantial change in
performance that occurred in June is unknown.
However, a short time earlier the time clock
controlling the feed to the reactors malfunctioned, resulting in an overfeed of Reactors 2,
3, and 4.
During July, August, and September, MLSS
and TOC data indicated a reasonably steady
performance, with the possible exception of
Reactor 1 (5-day hydraulic detention time),
which had performed irregularly since startup.
In all units there was a pronounced tendency
for pH to drift downward during this period, although the change in pH did not appear to affect the stability of the MLSS and effluent
TOC. Accordingly, additional samples were
taken during September for detailed chemical
analysis, as shown in Table 2. Because of its erratic performance, Reactor 1 was not sampled
intensively during this period. Reactors 2, 3,
and 4 produced very low effluent BODs, indicating that almost all of the biodegradable material had been removed. The COD reductions
were consistent with the reduction in TOC exhibited in Figures 2 through 5. The nitrogen
and phosphorus measurements indicated that
nutrients were sufficient for biological activity
and that microbial growth was not inhibited by
a lack of nutrients. The distribution among the
nitrogen species showed that no nitrification
took place.
Although the performance of the reactors
appeared to be reasonably consistent during
the September sampling period, the pH was
unstable and continued to drift downward, indicating clearly that steady-state operation
had not been attained. During October, the pH
in the reactors reached levels lower than 4.0,
causing concern about reactor stability. This
concern was compounded by sharp rises in effiuent TOC following 1011 of aeration for
several hours because of compre11or failure.

urements of TOC and chromatographic scans
using high performance liquid chromatography
(HPLC). Chemical changes accompanying the
change in color from clear to brown appear to
be minimal.
Routine sampling of each reactor is performed three times a week. Parameters measured include temperature, pH, mixed liquor
suspended solids (MLSS), mixed liquor volatile
suspended solids (MLVSS), sludge volume index (SVI), and TOC. PH is measured potentiometrically. MLSS concentrations are determined using glass fiber filters in a Buchner funnel, followed by drying of the filter in an aluminum dish at 103°C for 24 hr. Filtrates from
MLSS analyses are collected for TOC determinations using a Beckman 915 Carbon Analyzer.
SVI is determined by allowing mixed liquor
from the reactors to settle for 30 min in a 1-L
graduated cylinder and calculating the settled
volume occupied by the MLSS.
Other samples are collected as desired for
the measurement of biochemical oxygen demand (BOD), chemical oxygen demand (COD),
· and for more detailed analyses such as specific
organic compounds using HPLC and GC/MS,
aquatic bioassays, and assessment of health effects. BOD and COD analyses are conducted on
samples from which suspended materials have
been removed through glass fiber filtration.
Samples for HPLC and GC/MS analysis and for
aquatic bioassay and health effects assessment
are centrifuged, filtered, and frozen.
PRELIMINARY RESULTS

Figures 2 through 5 show performance characteristics for each reactor over the period
from May to October 1978. The reactors oper·
ated without serious incident from the beginning of May to the middle of June. The operational data suggested that they had reached
approximate steady-state performance, and in:
tensive data collection for this pattern of oper·
ation was initiated in early June. Five sets of
filtered samples from the reactors were ana·
lyzed for BOD, COD, nitrogen species, and
phosphorus, as shown in Table 2.
It had been planned that the analyses would
be continued at intervals of 2 days over a
period of at least 2 weeks. If the data then indicated that steady-state had been attained, in·
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TABLE 2. SUMMARY OF REACTOR PERFORMANCE:
MAY TO SEPTEMBER, 1978

Date
5/30
6/5
9/12

Sam2le
Raw Waste

"
"

TOC
mg/l

"

"

5/30 Reactor 1 430
6/l
"
399
IJ
6/3
463
II
6/5
469
6/7
521
"
5/30 .Reactor 2
95
II
6/1
93
II
6/3
98
6/5
130
"
II
6/7
143
II
9/8
90
II
9/12
112
II
9/14
112
II
9/16
116
If
9/18
119
5/30 Reactor 3
47
II
6/1
64
II
6/3
65
II
6/5
70
II
6/7
70
II
9/8
34
II
9/12
51
II
9/14
47
II
9/16
53
II
9/18
57
5/30 Reactor 4 57
II
6/l
59
6/3
57
"
6/5
99
"
6/7
123
"
9/8
39
"
II
9/12
53
II
9/14
51
II
9/16
54
9/18
56
"

BOD
mg/l

COD
mg/l

3520
2880
4140

5880
5800
5450

1115
870
960
1055
1100
179
140
171
245
240

1600
1648
1728
1744
2112
400
360
488
532
616

NO
mg]l
as N

NO
NH
TKN
Total
mgtl mgtl mg/1 Phos.
as N as N as N m_g/l

<0.03

11.0

243

239

423

0.005

3.3

228
228

243
273

68

46

0.12
0.064

6.8
2.0

209
234
222

370
231
243

42
106

50
99

0.05

5.6

222

330

35

38

0.07

5.5

217
231

242
246

369

333

0.07

5.6

225

330

42

41

0.07

3.2

247
249

244
254

435

400

0.06

4.4

240

290

50

51

Ortho.
Phos.
mg/l

''.43

26
25
33
47
30
45
80
52
5
7
8
7
73
18
38
170
183
5
5
4

7

275
315
330
320
340
348
352
'•00
368

190
180
210
190
292
280
356
496
552
200
195
220
240
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.

Accordin1ly, in late October thi1 Hriea of ex·
perlment1 w11 terminated.

for the 1iven w11tewater mu1t be determined.
The data collected to date can be u11d to make
a preliminary determination of the11 requl1lte
microbial growth coefficient. 11 follow1:
The klnetlca of microbial growth can be
d11cribed by the equation•

DISCUSSION OF PRELIMINARY RESULTS
Overall performance of the units from March
through October may be summarized with a
few pertinent ob11rvation1. All of the reactor•
have shown excellent TOC removal• from the
feed level of approximately 1,600 mg/L. Fir·
ure 6 summarizes TOC removal data for the
month• of July, Augu1t, and September before
major excuraion1 in' pH were experienced.
With 5-day detention, Reactor 1 was capable of
producing an average effluent TOC of about
200 mg/L, with a range extending from about
80 to 300 mg/L. Reactor 2 (10-day detention)
produced an average effluent BOD of about 80
mg/L, with more consistent performance as
shown by the narrower range of approximately
60 to 120 mg/L. Reactors 3 and 4 (both with
20-day detention) performed in substantially
identical fashion, with effluent TOCs averaging 45 mg/L and a rather narrow operating
range of approximately 40 to 60 mg/L. Table 3
summarize• ·the average performance of the
reactors for the months of July, August, and
September, taken from the data in Figures 2
through 5 and Table 2.

dx/dt • y d1/dt - kdx
where:

x - concentration of microorgani1m1 (bio·

ma11) in mg of MLSS per L;
s - substrate concentration, in mg per L, on a
BOD, COD, or TOC basis:
t - time, in days;
y • microbial yield coefficient, in mg of biomass (MLSS) produced per mg of substrate (on a BOD, COD or TOC basis) consumed;

k.t -

microbial die-away coefficient, in days -1.

Taking finite differences in equation (1) and dividing through by X. the mean biomass concentration over the time period .:1t, yields
(.:1x/.:1tl/x - y (.:1s/.:1tl/x- k.t·

(3)

TABLE 3. AVERAGE QUALITY OF EFFLUENT FROM BIOLOGICAL
TREATMENT UNITS (ALL VALUES IN mg/L)

BOD

3510

Reactor Detention Time (Dax:s)
5
20
10
1020
32
7

COD

5710

1770

310

192

214

TOC

1600

200

80

45

45

700

900

950

900

Waste

MI.SS

(2)

For the continuous-flow, completely-mixed reactors used in this investigation, xis the steadystate biomass concentration in each reactor, and
.:1t is the detention time of the reactor. Equation
(2) can be rewritten as

In order to design an activated sludge process for treatment of coal conversion wastewater, the parameters describing the kinetics
of microbial growth and substrate utilization

Raw

(1)
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the effluent from the four reactors are shown
in Figure 10 along with a chromatogram of the
raw feed. The difference in detector sensitivities should be noted. Identities of the
chromatographic peaks for the reactor feed are
given in Table 5. The chromatograms have
been generated using a Cis wBondak column,
gradient elution with an acetonitrile/water
mixture, and 254 nm UV absorbance detection.
When these chromatograms are interpreted, it
should be noted that polarity decreases with
increasing elution volume, so the elution
volumes corresponding to the chromato·
graphic peaks can be correlated to the polarity
of the various organic compounds in the mix·
ture. Also, each peak may contain more than
one compound.
·
Several observations can be made in compar·
ing the chromatograms of the various reactor
effluents. The concentration of highly polar
compounds (e.g., aliphatic and aromatic acids,
etc.) does not appear to decrease with increasing degrees of treatment, i.e., detention times.
This may be attributed to the production of
some aliphatic acids from the bacterial degradation of phenolic compounds.
On the other end of the chromatograms (at
the high elution volumes), a greater reduction
of the more nonpolar compounds can be seen in
the two 20-day reactors when compared to the
5- and 10-day reactors. This implies a greater
removal of the xylenols, pyridines, quinolines,
indoles, naphthols, and trimethylphenol in the
20-day reactors. However, it does not neces·
sarily indicate that these compounds were not
removed efficiently in the 5- and 10-day reac·
tors. The nonpolar chromatographic peaks for
the 5- and 10-day reactors could be due to non·

Here, 8c can be defined as the mean cell
residence time, solids retention time, or sludge
age, and is equal to the steady-state quantity of
biomass in the reactor, divided by the rate of
biomass production. Be has units of time and for
reactor operation with no recycle of biomass,
the solids residence time is equal to the hydraulic retention time. The quantity U in equation (8) is defined as the process loading factor,
or food to microorganism ratio, and is equal to
the quantity of substrate consumed during the
given reactor detention period divided by the
steady-state biomass concentration (compare
equations (2) and (3)). The process loading fac·
tor can be computed on a BOD, COD, or TOC
basis. If the reciprocal of the sludge age is
plotted against the process loading factor in
accordance with equation (3), a straight line
should result and the microbial kinetic coeffi·
cients y and ~ can be determined.
Table 4 gives the calculated values of the
process loading factors based upon the sum·
mary data in Table 3. The linear plots in ac·
cordance with equation (8) are shown in Fig·
ures 7 through 9. The yield coefficients com·
puted from the slopes of the straight lines are
0.27, 0.18, and 0.52 based upon BOD, COD, and
TOC utilization, respectively. The die-away
coefficient determined from the intercepts at
zero-loading is approximately 0.005 days- 1•
The COD yield coefficient is in the same range
as those reported by Luthy and Tallon for fullstrength, ammonia-stripped, and diluted Hygas wastewater.8
Chromatographic Analyela

High performance liquid chromatograms of

TABLE 4. CALCULATED PROCESS LOADING FACTORS
FOR BIOLOGICAL REACTORS

0c, Days

5

10

20

20

UB, mg BOD/mg MLSS-day

0.71

0.39

0.18

0.19

Uc, mg COD/mg MI.SS-day

1.13

0.60

0.29

0.31

UT' mg TOC/mg MI.SS-day

0.40

0.17

0.082

0.08
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dicate that very little of the residual organic
material is phenolic. This is important from the
standpoint of reactor performance because a
large portion of the organic carbon in the reactor feed is comprised of phenolic compounds.
HPLC traces of the reactor effluents were
used to obtain approximate concentration values for several of the major constituents fed to
the reactors. These data are given in Table 6.
The maximum effluent concentrations listed in
Table 6 should be interpreted with great care
because they have been calculated by assum.ing that a particular chromatographic peak is
caused entirely by the specific compound in
question. It is more likely, however, that each
peak is due to several compounds. Therefore,

polar cellular metabolites of these compounds.
More complete analyses are necessary to quantify the removal of the raw synthetic wastewater constituents as a function of residence
tirne in the biological reactors and to ascertain
the nature of the components comprising the
residual peaks.
These chromatograms have been compared
with others using 254 nm UV absorbance detection and simultaneous fluorescence detection at 275 nm excitation and 310 nm emission
wavelengths. (Fluorescence spectrophotometry combined with HPLC is a much more sensitive and selective detection technique than
simple UV absorbance.) From the relative
responses of each peak, these comparisons in472
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TABLE 5. IDENTIFICATION OF HPLC CHROMATOGRAPHIC PEAKS FOR RAW FEED

1.

Acetic Acid, Benzoic Acid, Hexanoic Acid

16.

4-Ethylpyridine

2.

Solvent

17.

Pyridine

3.

Acetone

18.

Quinoline

4.

Resorcinol

19.

3. 4-Xylenol

5.

Catechol

20.

3, 5-Xylenol

6.

Aniline

21.

2, 3-Xylenol

7.

Phenol

22.

Indole

8.

5-Methylresorcinol

23.

3-Ethylphenol

9.

4-Methylcatechol

24.

2-Methylquinoline

10.

Unidentified

25.

1-Naphthol

11.

Unidentified

26.

2-Naphthol

12.

p-Cresol

27.

2, 3, 5-Trimethylphenol

13.

o-Cresol

28.

Indene

14.

2-Indanol

29.

Naphthalene

15.

Acetophenone

30.

Anthracene

evaluate the effectiveness of biological treatment in alleviating potential human health effects associated with coal conversion wastewaters.
Effluent samples were collected from Reactors 2, 3, and 4 on September 17, 1978, and from
Reactor 1 on October 28, 1978. The samples
were centrifuged and then filtered through a
series of Nuclepore polycarbonate filters consisting of a 1.0-l'm prefilter and a 0.2-l'm
ultimate filter. The filtrates were collected and
aliquoted in small glass prescription bottles,
which were then frozen and stored at - 80° C.
A sample of the raw synthetic wastewater,
which had been aged for 2 days, was collected,
treated, and stored in a similar manner. Individual aliquots of frozen react~r ef~uen~s and

the actual effluent concentrations are probably
much less that those listed in the table. Recent
studies on the reactor effluents using fluorescence/HPLC have indicated that effiuent concentrations of the compounds listed in Table 6
are probably much less than those reported
there.
Cytoxlclty AMlysls

A clonal toxicity assay, employing the
Chinese hamster V79 cell line, was used to compare the relative acute toxicities of the ef·
fluents from the · biological reactors and the
raw synthetic wastewater. This assay meas·
urea the colony forming ability of cells exposed
to toxicants. The purpose of this test was to
474

TABLE 6. REMOVAL OF SELECTED CONSTITUENTS BASED ON HPLC-UV ABSORBANCE ANALYSIS

Compound

Feed
Concentration
mg/1

Resorcinol

Phenol

o-Cresol

"""
en
-:J

Pyridine
Quinoline
Xylenols

•

Maximum

Effluent
Concentration
mg/1

Minimum
% Removal

REACTOR 4
Maximum
Effluent
Concentration Minimum
mg/l
% Removal

99.5

1.2

99.5

1.2

99.5

5

0.6

87.8

0.4

92.2

0.4

92.8

500

4.2

99.2

6.6

98.7

6.7

98.7

8.0

87.2

5.1

91.9

5.2

91.6

2.6

97.4

1.2

98.8

1.5

98.6

0.6

98.2

0.4

98.8

0.5

98.5

3.5

97.4

1.4

99.0

1.7

98.7

62.5

p-Cresol

REACTOR 3

1.24

250

Aniline

REACTOR 2
Maximum
Effluent
Concentration Min:bnum
mg/l
% Removal

100
30
2.5
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raw feed were thawed immediately prior to
their use and the remainder of that aliquot was
discarded at the end of the day.
A series of dilutions of each wastewater was
made in distilled-deionized water. The addition
of 2 x or 4 x n~trient medium to the dilution
tubes maintained physiological conditions at
final test concentrations ranging from 0.25 to
75 percent of the wastewater sample being
tested. Two hundred cells were seeded per
60 mm of tissue culture dish and allowed to incubate and attach for 3 hr in 3 mL of normal
cell growth medium. Duplicate dishes were
then treated with appropriate dilutions of a
test wastewater. Each pair of dishes received a
single concentration of the test materials.
After an exposure period of 20 hr, growth
medium containing the test materials was
removed. The cells were washed once in a
phosphate buffered saline solution and reincubated in 3 mL of fresh growth medium. Exposed single cells were allowed to grow into
colonies and were then fixed and stained after
7 days. The number of colonies for each exposure condition was calculated as a percent of
the number of colonies in untreated control

plates, and expressed as the relative plating efficiency.
The results of the clonal toxicity assay are
shown in Figure 11, where concentration-dependent survival curves have been plotted using the average of the data points from duplicate clonal toxicity experiments. The concentrations indicated represent dilutions of the
samples being tested. Concentrations producing 50 percent lethality (LC 50 ) are shown in
Table 7, along with the corresponding TOC
concentrations. As indicated in Figure 11 and
Table 7, V79 cytotoxicity decreases with increasing degree of wastewater treatment as
measured by residence time.
It is interesting to note in Table 7 that while
Reactor 1 provided an 87.5-percent reduction
in TOC compared to the raw wastewater, the
LC 50 was reduced only three-fold. This suggests several possible explanations. Most of
the easily degradable TOC may not be very
cytotoxic. On the other hand, it is possible that
~ reduction in TOC below certain threshold
levels, which occurs in the reactors with longer
detention times, accounts for the observed
changes in cytotoxicity. The 95-percent TOC

TABLE 7. SUMMARY OF MAMMALIAN CVTOTOXICITV DATA

TOC,
mg/l

LCSO'

1600

1.0

No. 1 - 5 day residence time

200

3.0

No. 2 - 10 day residence time

80

23.5

No. 3 - 20 day residence time

45

80*

No. 4 - 20 day residence time

45

80*

Sample
Raw Wastewater

%

*Reactors 3 and 4 did not produce 50% lethality
at the highest concentrations tested (75%).
The LC 50 values shown are extrapolated from
the plots in Figure 11.
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mental program. Continued operation of the
reactors should lead to more stable performance in the near future, allowing detailed
analysis of performance and operating parameters and more conclusive results.

reduction produced by the 10-day reactor corresponded to a 23-fold reduction in cytotoxicity, while the 97-percent reduction in TOC produced by the 20-day reactors corresponded to
an 80-fold reduction in cytotoxicity compared
to the raw wastewater.
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A synthetic coal conversion wastewater,
representative of wastewaters from coal gasification and liquefaction processes, has been prepared. The wastewater appears to be biologically treatable, but some degree of dilution
may be necessary. Biological treatability, as
measured by BOD, COD, and TOC removal, improves with increased solids residence time
(sludge age), but it appears that a minimum
sludge age of 10 days may be necessary to
achieve a reasonable degree of treatment. A
mammalian cytotoxicity assay, used as an indicator of potential human health effects
associated with the wastewater, shows that
cytotoxicity decreases with increasing degrees
of biological wastewater treatment.
Due to continued difficulties with pH variations, recent changes in the character of the
synthetic wastewater have been made to provide additional buffer capacity and to eliminate
acetone in preparing the synthetic feed. It does
not seem appropriate to develop more detailed
conclusions at this interim point in the experi-
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fied product gases, liquid effluents, and solid
wastes or sludges. In addition, gaps in the data
base required for these assessments were identified.

Abstract
Raw product gases from coal converters generally contain particulates and tars that must be
controlled to a level compatible with environmental regulations and process and equipment
requirements. Alternate control technologies for
removing particulates and tars from product
gases were identified and evaluated.
Particulate and tar emissions in raw product
gases from several types of coal gasifiers were
characterized in terms of their total quantities,
chemical composition, and size distribution. The
emissions data were organized and summarized
according to generic gasifier type, with fixed-,
fluid-, and entrained-bed gasifiers being considered. The design and operating features of
each identified alternate control technology
were described, with emphasis on characterizing collection efficiencies as a function of particle size and other important parameters. These
data were also organized into generic categories
such as cyclones, wet scrubbers, electrostatic
precipitators, fabric filters, and granular bed
filters.
The applicability of each of the identified control technologies was assessed with respect to
the generic gasifier types and various end uses.
These assessments were based on existing and
proposed environmental regulations and process requirements for product gas purity. End
uses considered include combined cycles and
gas-fired boilers. The fate of the particulate and
tar emissions from the various gasifiers was
assessed in terms of their presence in the puri-

INTRODUCTION

The energy supply problems of the United
States and most of the major industrialized nations are well known and well documented. Current projections indicate that the world demand
for petroleum and natural gas will exceed supply sometime during the 1980's. One obvious approach to increasing domestic fuel supplies, and,
consequently, to reducing demand for imported
gas and oil, is to utilize the vast coal resources of
the United States to produce synthetic oil and
gas.
In recent years, the electric utility and industrial sectors of the economy together accounted
for about 55 percent of the energy consumption
in the United States. Natural gas and petroleum
supplied about 80 percent of the industrial
energy consumption and 30 percent of the utility consumption. The use of coal-derived fuels to
replace natural gas and petroleum in these
areas could benefit the United States economically, in addition to reducing the nation's
dependence on foreign, unreliable sources of
energy. Such coal-derived products might be
employed in a wide variety of end uses, such as
industrial process heat, industrial and utility
boilers, gas turbines, and reducing or synthesis
gas for various industries.
In the ease of product gases· from coal gasifiers, each particular end use for the gases
would.have different environmental regulations
and/or process requirements governing the

•Speaker.
tFormerly of Dynalectron.
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allowable particulate and tar levels in the product gases. Thus, the use of coal-derived product
gases to replace nature gas and oil on a large
scale will require adequate control technology
to remove tars and particulates from the product gases to levels compatible with the various
possible end uses. The overall objective of this
study was, therefore, to assess the applicability
of alternate control technologies both commercially available and under development for the
removal of particulates and tars from coal-converter product gases.
The fll'st step in carrying out these control
technology evaluations involved the identification and collection of pertinent sources of information. Computerized literature searches
covering the Chemical Abstracts, Engineering
Irulex, Pollution Abstracts, U.S. and foreign
patents, government publications, and numerous journals were made to identify sources of
information. These computerized searches were
complemented by thorough library and patent
searches. In addition, other U.S. Environmental
Protection Agency (EPA) contractors, pr0cess
developers, and equipment vendors were contacted for relevant data. When identified
sources of information had been reviewed, appropriate data were employed to carry out the
control technology evaluations, as discussed in
the following sections.
This study was performed under EPA Contract Number 68-02-2601 for the Fuels Process
Branch of the Environmental Assessment and
Control Division of the Industrial Environmental Research Laboratory UERL) at Research
Triangle Park. The methodology and results
summarized herein are described in detail in
Reference 1.

ferent types of gasifiers, these results are presented in terms of best-case, worst-case, and
average-case (or typical) analyses. The worstcase condition represents the estimated upper
limit of particulate load, with a relatively high
percentage of small particles, which are difficult
to remove. The best-case condition represents
the estimated lower limit of particulate load
with a relatively low percentage of small particles. All available data on the characteristics of
gasifier emissions were considered in estimating these upper and .lower bounds.
Typical operating parameters and raw product gas stream characteristics are presented in
Table 1 for several different fixed-bed, fluidbed, and entrained·bed gasifiers. Several of the
fixed-bed gasifiers are commercially available,
whereas the Winkler and Koppers Totzek are
the only commercial fluid-bed and entrained-bed
gasifiers, respectively. It can be seen from
Table 1 that the fixed-bed gasifiers .produce
tars, while the entrained-bed gasifiers do not.
Most of the fluid-bed gasifiers produce tars,
while the entrained-bed gasifiers do not. Most of
the fluid-bed gasifiers also do not produce· tars.
The particulate and tar loading data are summarized in Table 2. The best-, worst-, and average-case data for the particulate and tar loadings from each generic type of gasifier were
estimated from the detailed data for the individual gasifier types in Table 1. It can be seen that
fixed-bed gasifiers produce the smallest particulate loadings, while the entrained-bed gasifiers
produce the highest loadings.
Particle size distribution data are presented
in figures 1, 2, and 3, and are summarized in
Table 2. The particulate collection efficiency of
most control devices is especially sensitive to
particle size. Such data were generally found to
be scarce and incomplete. More complete data
over a broad, specified range of gasifier operating conditions are needed. In the case of fluidand entrained-bed gasifiers, particle size data
were not available below approximately 35 and
20 µm, respectively. Extrapolation of the existing data for large size particles down to the
small size particle range was, therefore, required for these two types of gasifiers. Large
particles are removed more easily than parti·
cles below approximately 5 µm; therefore,
future R&D programs should concentrate on
the collection of particle size data down to the
submicron size range.

CHARACTERISTICS OF PARTICULATE
AND TAR EMISSIONS
As an initial step in the evaluation of
technologies for the control of particulates and
tars in gaseous streams originating from coal
gasifiers, emissions and process data were obtained for a wide variety of gasifiers. The availability of pertinent data was generally found to
be limited. The emissions data were organized
and summarized according to generic gasifier
type, with fixed-, fluid-, and entrained-bed
gasifiers being considered. Because of the
uncertainties in the emissions data for the dif480
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TABLE 2. SUMMARIZED PARTICULATE AND TAR LOADINGS AND
PARTICLE SIZE DISTRIBUTIONS
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Figure 1. Particle size distribution for fixed-bed gasifiers.
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Figure 3. Particulate size distribution for entrained-bed gasifiers.
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maries of important design and operating features are presented below.
Cyclones utilize the centrifugal force created
by a spinning gas stream to separate particu·
lates from the carrier gas. The advantages of
the conventional cyclone are that it is a simple
device - there are no moving parts - and it is a
proven technology. However, cyclones suffer
from the disadvantages of having low removal
efficiencies for particulate sizes less than 5 µ.m.
Because of their relatively low capital and oper·
ating costs, cyclones are commonly used as precleaners to remove most of the large particles in
a gas stream upstream of a more expensive con·
trol device (e.g., venturi scrubber or electrostatic precipitator) required to remove the
smaller size particles. Particulate collection effi·
ciency increases with an increase in particulate
diameter, particulate density. inlet velocity,
cyclone body length, ratio of cyclone body diam·
eter to outlet diameter, and the smoothness of
the inner wall. Efficiency decreases as the gas
viscosity, gas density, body diameter, and gas
outlet diameter increase. Because the gas vis·
cosity is proportional to temperature, an in·
crease in temperature results in a decrease in
the collection efficiency.
Rotary flow cyclones are designed to augment the normal tangential swirl of the inlet gas
by the addition of a secondary airflow. By doing
so, the possibility of short-circuiting particulates from inlet to outlet is greatly reduced. In
the Aerodyne rotary flow cyclone, 14 particulateladen gas enters the collection chamber and
passes a stationary vane, which imparts a
rotary motion to the flow. Particulate matter is
thrown toward the outer wall by centrifugal ·
force and then swept downward to the collection hopper by the secondary flow. The vendor
data for the Aerodyne Series "S.. rotary flow
cyclone are presented in Figure 4. Westing·
house has also tested an Aerodyne Tornado
Cyclone. The grade efficiency data obtained in
these tests show a discrepancy with respect to
the claimed performance by the manufacturer.
This may result from the difficulty of holding
design control specifications when small unit is
tested. Thus, the fractional collection efficiency
data presented in Figure 4 need to be verified.
Although wet scrubbers are available in a
wide variety of designs, all operate on a common principle of contacting a pollutant-laden
gas with a liquid (usually water) that captures

Particle size distribution measurements are
usually based on either aerodynamic or optical
properties of the particles. Measurements in the
same gas stream by these two different tech·
niques often yield inconsistent results. Particle
sizes are especially difficult to measure at hightemperature and high-pressure (HTHP) condi·
tions. The collection of reliable particle size
distribution data for coal-gasifier product gases
will require the development of improved meth·
ods and instrumentation suitable for HTHP con·
ditions.
Additional data are also needed to accurately
estimate particulate and tar loadings from the
various types of gasifiers, particle and tar
compositions, and other pertinent properties
such as particle resistivity. It should be noted
that complete data sets were not available for
any of the gasifier types. For example, the particle size distribution might be available for a specific type of gasifier at a given or unspecified set
of conditions, whereas particulate loadings and
compositions might be available for another
type of gasifier within the same generic class,
but at a different set of conditions. There is,
then, a need for R&D programs to provide complete data for all of the above parameters at the
same specified gasifier operating conditions.

ALTERNATE CONTROL TECHNOLOGIES
Alternate control technologies (both commercially available and under development) for removing the particulates and tars from the raw
product gases from coal converters were identified and evaluated. The performance characteristics of the commercial types of control
devices are generally well known and well documented. Sufficient data were available for the
following six generic control technologies to
permit performance of detailed applicability
assessments: conventional cyclones, rotary flow
cyclones, venturi (wet) scrubbers, fabric filters,
electrostatic precipitators (ESPs), and granular
bed filters (GBFs). Typical collection efficiencies
for each of these control technologies are presented a~ a ~unction of particle size in Figure 4.
The fabric fllter and ESP are most efficient for
small particle sizes; the fabric filter, venturi
s~rubber, and rotary flow cyclone are most effic1esnt .fo~ the relatively large particles. Detailed
de cr1pt1ons of most of these control devices are
readily available in the literature. Brief sum-
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the pollutants. Wet scrubbers can be used to
remove both particulates and tars. The objectives of good scrubber design are to provide
good liquid-gas contact, minimize energy eon~
sumption and equipment size, and minimize
water requirements. All wet scrubbers produce
a liquid slurry for disposal or further treatment.
Most modern applications attempt to concentrate the solids to simplify their ultimate
disposal, and to recirculate as much of the
scrubbing liquid as possible. The collection efficiency of wet scrubbers is strongly dependent
on particle size. In order to achieve high collection efficiencies with small particles, a highenergy input is required. For particles above approximately 10 µm, simple wet scrubber designs
are usually adequate, with a pressure drop of
0.25 kPa being typical. Fine particulates with
diameters of 1 µm or less require more complex
scrubbers with pressure drops usually well
above 1.25 kPa. In exceptional circumstances,
pressure drops up to 25 kPa have been employed. Wet scrubbers have been found to be
very effective in removing tars from raw product gases. Commercially available gasification
systems generally have employed various types
of wet scrubbers to quench and cool the gases
and knock out the tars, along with a portion of
the particulates.
The venturi scrubber employs a venturishaped constriction and high throat velocities to
atomize the scrubbing liquid. As with wet collectors in general, the collection efficiency in. creases with higher pressure drops. Different
pressure drops are achieved by designing for
varied gas velocities in the throat. Some venturi
scrubbers are manufactured with adjustable
throats, allowing a range of pressure drops for a
given air volume. The collection efficiency of the
venturi scrubber can generally be considered
highest of the wet collectors.
Electrostatic precipitators (ESPs) for cleaning particulates from gases, which have been
used by industry for over 70 years, have also
been found to be an efficient means of detarring
the gases. ESPs operate by using a high-voltage, direct current to create gas ions that impart an eleetrical charge to particulates by bombardment. The charged particles are collected
by exposing them to an electric field, which
causes them to migrate and deposit on electrodes of oppoeite polarity. The electrode cleaning system is dependent upon the type of pre-

cipitator. The conventional dry-type precipitator collects particulates on a dry electrode and
removes them periodically by mechanical shaking or rapping. The new wet-type precipitator
collects and removes particulates with a thin,
continuous flowing film of water. The operating
temperatures are generally less than 65° C.
The resistivity of particulates is a critical factor in the design and operation of a dry precipitator. Particulates with low resistivity (below
50 O•m) are difficult to collect efficiently because they teod to loosely adhere to the collector and are, therefore, easily reentrained in the
gas stream. On the other hand, if the particulate
resistivity is too high (above 0.2 G il•m), the
voltage drop across the deposited particulate
layer becomes so large that the discharge electrode electron emission rate drops, which leads
to a decline in the overall collection performance.Hot-side precipitators, which operate at
temperatures up to 540° C, were developed for
certain applications involving high-resistivity
particulates. Research Cottrell, under an EPA
contract, has demonstrated the ability of .an
ESP to generate stable corona at temperatures
up to 1,100° C and pressures up to 51 MPa.17
While their limited data are encouraging, more
data are required at high temperatures.
One of the oldest and the most widely used
techniques for removing particulates from a gas·
stream is the use of fabric filters. The baghouse
design is very commonly used, and is highly effective even for small particulates. However,
commercially available baghouses are not suitable for use at high temperatures. A number of
high-temperature-resistant ceramic fabrics
have become commercially available. Because of
the lack of a suitable high-temperature, inorganic fiber lubricant needed for the fiber-to-fiber
abrasions, many of these developed ceramic
fabrics are presently unsuitable for filtration
purposes. Still, ceramic fabric filters offer a
potentially promising solution of the problem of
controlling particulates in the high-temperature, high-pressure environment. The advantages of baghouse filters include high collection
efficiencies, even for submicron particles, relatively low energy use and pressure drop (typically less than 7.5 kPa), and collection of particles in dry form, which simplifies ultimate
waste disposal. Disadvantages include large
form, which simplifies ultimate waste dispoeal.
Disadvantages include large space require488

ments, high initial costs, and proven temperatures limited to about 290° C.
A granular bed filter (GBF) employs a stationary or moving bed of granules- sand, gravel,
coke, or sintered material- as the filter medium. In order to maintain a steady operating performance, a granular bed filter needs to remove
the collected particulates from the collecting
surface. Several different designs are reported
in the technical literature. In general, they may
be classified as continuously moving, intermittently moving, or fixed-bed filters with respect
to the cleaning methods. GBFs are a promising
technique for high-temperature and high-pressure operation. They have the advantages of being able to use either inert or sulfur-absorbent
material, and of accommodating high face velocities while incurring a moderate pressure drop.
The collection mechanism is similar to that of
fiber filters, with impaction predominating and
particulates being collected in the interstices of
the filter. After the initial collection at the filter
surface produces a filter cake, further collection
is accomplished essentially by cake sieving.
Granular bed filters have received increased attention recently, and a number ofresearch projects are underway to further develop these
systems. The GBF developed by Combustion
Power Company is the most advanced of this
generic class of control devices. This GBF
employs granular filter media between two vertical, louvered screens. To avoid particulate
saturation, the medium is continuously recirculated and cleaned. Commercial devices, restricted to temperatures below 430° C and to
near atmospheric pressures have been available
for a few years. 18
In contrast to the six generic classes of control devices discussed above, several other control devices are still in the developmental stage;
data are insufficient to permit meaningful evaluations of their applicability to coal converters.
Several of these newer, relatively advanced
control devices are discussed below. Additional
collection efficiency data and/or large-scale
testing to determine operational reliability are
required to evaluate these control devices.
Several advanced types of wet scrubbers are
under development to improve the collection of
fine, submicron particles. These newer types of
scrubbers include foaqi, steam-a11isted, and
electrically augmented devices. At present,

their principal disadvantage appears to be high
initial cost compared to other types of wet
scrubbers. In addition, operating and performance e:xperience with these devices is limited.
Porous ceramic filters appear to be especially
promising for highly efficient collection of particles down to the submicron size range at high
temperatures.18 Such devices can take the form
of porous thick-walled filters or thin-walled
(0.2-mm) monolithic honeycomb structures.
While preliminary data at high temperatures
are encouraging, additional testing with larger
scale devices is required for confirmation.
Several novel devices are in the early stages
of development, with only limited preliminary
data available. Such devices include the A.P.T.
dry scrubber.111 molten salt scrubber,• electrofluidized bed,11 and the Apitron charged
filter .11 The latter appears to have especially
high collection efficiencies down to submicron
size particles, but operation is restricted to the
same temperature range as a conventional baghouse filter.

APPLICABILITY OF CONTROL DEVICES
Applicability assessments were made for
. various combinations of particulate control
devices and gasifier end use pairs. These assessments were made for the three major generic
classes of coal gasifiers discussed previously
(fixed-, fluid-, and entrained-bed).
Each potential end use for the product gases
has different environmental regulations and
process requirements governing the allowable
particulate levels in the product gases. For the
purposes of this study, two particular end uses
were selected for consideration. These end uses
were selected to cover a wide range of particulate removal requirements for the control devices under consideration. The use of product
gases as a boiler fuel was selected to represent
those end uses with low to moderate particulate
cleanup requirements. On the other hand, the
use of product gases as a fuel for gas turbines
was selected to represent end uses with relatively restrictive cleanup requirements. The
New Source Performance Standard established
by EPA to limit particulate emissions from coalfired steam generators (0.10 lb/108 Btu heat input) was assumed to apply to boilers firing coalderived fuel gases. This is equivalent to 0.24
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g/m3 of particulates for low-Btu fuel gas with an
average heating value of 0.56 MJJmB (150
Btu/scf).
Coal-derived product gases can be used as a
fuel for gas turbines employed in combinedcycle power stations. The tolerance of a gas turbine to particulates is not known with a high
degree of certainty. Stringent specifications for
fuels to be burned in gas turbines have been established by various turbine manufacturers.
Results obtained by the U.S. Department of
Energy's High Temperature Turbine Technology Program 5 suggest a maximum allowable
particulate concentration of 0.0046 gtmB of expansion gas, or 0.041 gtm8 of unburned fuel gas,
with no particulates larger than 6 p.rn in diameter. These results were used as the basis for the
particulate control requirements for the gas turbine end use. It should be noted that there are
presently no environmental regulations governing the emission of particulates from gas tur· .
bines.
Detailed applicability assessments were
made for the six generic classes of control
devices previously discussed. These assessments are based primarily on the capability of a
control device to achieve the required degree of
particulate removal for a specified gasifier end
use pair. In some cases where obvious operating
difficulties would be expected, such potential
problems are also considered in evaluating the
applicability of a control device.
As discussed previously, the removal efficiency of any particulate control technology is a
strong function of particulate size.. Thus, a
meaningful applicability assessment of control
technologies requires knowledge of the particulate size distribution in the gases to be treated,
along with collection efficiencies of the control
technologies as a function of particle diameter.
The overall collection efficiency of each control
device can then be obtained from the grade efficiency data of the control device and the particle size distribution data by means of graphical
integration.28 This graphical technique can be ii·
lustrated by the following example for determining the overall collection efficiency of a conventional cyclone operating on an effluent with
the "best-case" particle size distribution of a
fixed-bed gasifier, as shown in Figure 1. The
particle s~e distribution data in Figure 1 and
t~e fractional collection efficiency data in
Figure 4 are presented in Table 3. Figure 5 was

then obtained by plotting these tabulated data.
The overall collection· efficiency for particulates
in the size range from 0 to 6 µm was determined
by loeating the point at which the areas above
and below the curve are equal. An overall collection efficiency of 86 percent was thereby obtained. It should be noted that the accuracy of
this graphical technique is limited by uncertainties in the particle size and. grade efficiency
data, as discussed previously. Errors introduced
by the graphical procedure itself are negligible.
The graphical technique discussed above was
employed for particulates less than 6 µm in
diameter for all control devices. For the particulates greater than 6 µm, a representative value
for removal efficiency could be selected for each
generic control device, with the exception of the
conventional cyclone. This is because of the fact
that the collection efficiency of a conventional
cyclone usually reaches a maximum at a much
larger particle size than 6 µm; for most other
control devices the removal efficiencies are
nearly constant for particles greater than 6 µm.
Thus, the same general graphical method was
used to calculate the overall collection efficiencies of a cyclone for each gasifier effluent over
the particulate size ranges below and above 6
µm.
A compilation of the overall collection efficiencies for each combination of generic control
device and gasifier effluent is presented in
Table 4. With the overall removal efficiency of
each generic control device thus determined,
the applicability assessments were then carried
out on the basis of the estimated particulate
loadings from each gasifier, as presented in
Table 2. The amount of particulates not removed was then calculated. The results for each
generic control device under consideration are
presented in Table 5. The applicability can then
be determined by comparing the amount of particulates remaining in the product gases to the
maximum allowable concentration of particulates for each end use.
The results of the applicability assessments
are summarized in Table 6. Conclusions drawn
from these results are discussed below separately for End Use 1 (combined-cycle fuel gas)
and End Use 2 (conventional boiler fuel gas). As
for End Use 1, the very restrictive requirement
of removing all particles larger than 6 p.rn has
limited the potential control devices to fabric
filters, a high-efficiency venturi scrubber, and
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TABLE 3. COLLECTION EFFICIENCY OF HIGH-EFFICIENCY CYCLONE
FOR PARTICULATES FROM FIXED-BED GASIFIER

Particulate Size(Dp)
micrometers

Amount' Op,*
% by weight

16

4

.t 5

3

14

2.5
2.0

13

)99

99
99
98.S

1.5
1.3

98

9
8
7

0.7

95

0. It .

94

0.3

92

6

o. 25

5

0. 11

90
87

4

0.07

83

3
2

0.02

77
68

12

11
JO

0.01
0.001

1

*
**

Cyclone
Efficiency,**
%

97
96

53

Cumulative size distribution data for fixed-bed gasifier (see Figure l)
Collection efficiency of conventional cyclone for particles with diameter

of Op (see Figure 4)

high-effic~ncy cyclone upstream as a scalping
device, the venturi scrubber is capable of
achieving this requirement for the worst-case
fluid bed, based on the assumption that the particulate size distribution for particulates less
than 6 ,.m remains unchanged after passing
through the cyclone. The Aerodyne rotary flow
cyclone is found to be inapplicable for the average and worst-case fluid-bed gasifier. It should
be noted that the results presented herein for
the rotary cyclone should be considered ten. tative until the vendor-supplied data employed
in these assessments are confirmed.
Because the particulate removal requirement

the Aerodyne rotary flow cyclone. Among these
three control devices, the fabric filter was found
· to be the only device capable of achieving the required product gas purity (0.041 g/m.8) for End
Use 1 for all gasifier efftuents. However, a
fabric filter should not be employed for gases
containing high levels of liquid or "sticky" particles. Thus, fixed-bed gasifiers, in particular,
may not be compatible with fabric mters, because of the quenching operation commonly used
to condense and remove tars and oils. The highefficiency venturi scrubber is applicable for End
Use 1 for all gasifier effluents, except for the
worst-cue fluid-bed gasifier. However, with a
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TABLE 4. OVERALL PARTICULATE REMOVAL EFFICIENCIES OF GENERIC CONTROL
TECHNOLOGIES FOR TYPICAL GASIRER OUTPUTS

Gasifiers

l Particulate
Size

(ft. m)

""O
Q)

CD

!Best
Case

<6

!Average
Case

<: 6

Worst
Case

% Particulate Removal Vs. Particulate Size
Conventional
Rotary
Venturi
Fabric
Cyclone
Cyclone
Scrubber
Fi 1ter E.S.P.
86
99

100

;>6

86
98

100

<6
>6

97

100

100

82
98.8

90
100

100

.>6

"'C

98.5
98.8

99,93
100

99.94
100

99,99
100

93,99
100

N.A.
N .A.
~J

.A.

N.A.

Granular
Bed Filter

94.6
95
94.7
95

Q)

)(

·LL.

Best
Case

.

<:6

)6

86

99

9:L95
97

99.99
100

99.2
100

N.A.

94.7
95

98
99.8

94.4
95

98.4
99.8

94.5
95

98.S
99.'3

94.5
95

99
99.3

94.6
95

99.2
99.8

94.7
95

99.4
99.8

94.7
95

N.A.

"'C
Q)

CD
"'O

·-:J

--

~verage

<6

Case

~6

79
98. 7

100

~..Jorst

Case

<6
>6

76
98.5

93

Best
Case

<.6,,

84

)~

!Ave rage
Case

~6

Worst
Case

91.5

97. 8
100

99.4
100

LL.

"'C
Q)

al

98,5

100

100

98.6

96,5
100

100

)6

83
98.8

100

<l6
;ii6

82
98.9

100

99.7

99.6
100

99,94
100

"'O
Q)

c:

·ttJ

I-

97. 3

99.83
100

99 .97
100

"'c:"'

UJ

98

99 .95
100

99,99
100

!

I

I

TABLE 5. EFFECTIVENESS OF PARTICULATE COLLECTION BY ALTERNATE
CONTROL DEVICES
Percent
Particulate
Distribution
Size
<um)
%

Gasifier
Tyoe

Particulates Remaining in Product Gases
Downstream of Control Device, g/m3*_
Venturi
Conventional
Rotary Flow
ESP
Scrubber
Cyclone
Cyclone

Best
Case

<6
>6

0.3
99.7

0.003
0.0046

0.00002
0

0
0

Average
Case

<6
>6

5 .It
94.6

0.0023

0.0023

0.0001

0.0557

0

0

Worst
Case

<6
>6

10.5
89.5

0.0869
0. 1603

0.0069
0

0.0002

<6
>6

1
99

0.0023
0.0137

0.0012
0

0.005
0

Average
Case

<6
>6

3
97

o. 1649

0.0664
0

Worst
Case

<6
>6

95

1.65

Best
Case

<6
>6

0.5
99.5

Average
Case

<6
>6

Worst
Case

<6
>6

"'C
Q)

CID

"O

Q)
)(

-.....

Best
Case

.

"'C

"O

:J

L;:

"O
Q)

ID
"'C
Q)

c

-....

-111

~

""

-----

-------

GBF

0

O.OOOIJ3

0

0.0229

0.00002
0

O.OOR5
0. 142

0.00006
0

').033
0.269

0.0002
1).0002

0.00009
0

0.00067
0 .025

0.017
0

0.013
0.050

0.0042
0

0.0419
I .21 g

0 .421
0

0.089
0

0 .071
0.227

0.0024
0

0.31~

0.023
0.419

0.0051
0

0.0005
0

0.002
0.060

0.00009

0 .0077
1.972

0.7
99.3

o. 131
1.312

0 .021
0

0.0014
0

0.006
0 .210

0.00023
0

0.8
99.2

0.339
2.512

0.036
0

0.Q009
0

0.011
0.456

0.000113
0

Q)

cc

---

Fabric
Fi 1ter

5

0.3275
1.44

*To be compared to maximum allowable particulate loads of:
0.041 g/m3 for cont>ined cycles and 0.24 g/m3 for boiler fuel.

0

0

5.422

0.0397
5.281
0.095
10.95

TABLE 6. SUMMARY OF APPLICABILITY ASSESSMENTS

End Use/Control Device

cOMBINED-CYCLE
convent Iona I cyclone
rotary cyclone
ventur I scrubber
fabric fi I ter

E.S.P.
granular bed filter
rotary cyclone*
venturi scrubber>~
fab rr c f 11 te r*

E.S.P.*
granular bed f 11 te r*

Applicability of Control Devices for Gasifier Types**
Entrained Bed
Fluid Bed
Fixed Bed
B
A
w
B w A
B w A

- - - - -

x
x x x
x

x

p

p

-

E.S.P.#
granular bed filter
rotary cyclone*
venturi scrubber*
fabrl c fi I ter*
E.S.P.*
granular bed fi I ter*

*
**

H

-

x

-x -x

p

p

-

x

x x
p

- - -

- - -

BOILER FUEL

conventional cyclone
rotary cyclone
venturi scrubber
fabric filter

-

p

x
x
x
p

-x

x
x

p

p

x

x

-x -- x-

x x
x x x
x
p

p

p

- - x-

x

- - - x - x - x

-

-x x-

-

x x x

- -- x - x
x x x

x
x

x
x

- -x x

x
x
x

x x x

x

x

-x
x

x - x - x
x x x
x x x
x - x
x - x x x
x x x
x x x
x x x
x - x

-x -x

-

- - - - -

x

x

- - x
x
x
x
x
x
x
x

x
x

-x

x
x
x

-

-

x

-

x
x
x
x

-

x

x
x
x

-

A conventional cyclone is assumed to be employed as a scalping device
upstream of the indicated primary control devfce.
B - Best Case
W - Worst Case
A - Average Case
P - Designates probable Inapplicability due to operating problems, although
particulate removal Is adequate.
X - Designates control device ts applicable.
ESP is not applicable to a fixed bed gasifier due to high carbon content and
low resistivity of particles.
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emitted in the product gases, in terms of their
ultimate presence and concentrations in solid,
liquid, and gaseous discharge streams, are preliminary and limited for all gasifier types. The
distribution of these particulates and tars in the
various discharge streams is dictated both by
the removal technology and the physical and
chemical characteristics of the contaminants.
The conclusions summarized below should,
therefore, be considered tentative until confirmed by additional data. The data on which these
conclusions are based are presented in detail in
Reference 1.
·
In the case of fixed-bed gasifiers, the quench
liquor employed to condense and remove the
tars contains high concentrations of phenolic
compounds. These compounds, together with
ammonia and dissolved acid gases, must be removed from the quench liquor. Mercury tends
to concentrate in the tar, while most other
volatile elements tend to become concentrated
on the particulates. Selenium concentrations in
the quench liquor are very high.
In the case of fluid-bed gasifiers, most of the
available data on the fates of the various contaminants were obtained with the Synthane
unit, which also produces tars. Since most other
fluid-bed gasifiers do not produce tars, these
data may not be representative of this generic
type. The available data indicate that many of
the trace elements tend to concentrate in the
particulates and char. Some of the more volatile
elements such as As, Pb, and Hg are also found
in potentially harmful concentrations in the tar.
In the case of entrained-bed gasifiers, organics tend to concentrate on the particulate matter rather than the scrubber water. Volatile
elements such as Hg, Se, and As are not absorbed in the scrubber water. Tars are not produced
by entrained-bed gasifiers, so they do not present a disposal problem.
Of the six generic control technologies previously assessed, the venturi scrubber is the only wet process. The other five processes
generally produce a dry, granular, or powdery
solid waste. In the case of a venturi or other wet
scrubber, the collected fly ash will be wet, complicating disposal of the ash and necessitating
wastewater treatment. Liquid waste streams
from scrubbing or quenching operations must
be treated prior to final disposal or discharge to
surface waters or groundwaters. Present and
proposed regulations for liquid discharges gen-

of End Use 2 is not as restrictive as End Use 1,
the number of control devices applicable to End
Use 2 is increased considerably as compared to
End Use 1. Both the fabric filter and the venturi
scrubber are capable of achieving the require- ·
ments of End Use 2 for all gasifier effluents. The
Aerodyne rotary flow cyclone was found to be
applicable to all the gasifier effluents except for
the worst-case fiuid-bed gasifier. However, with
a conventional cyclone upstream as a scalping
device, it would be applicable to this worst case
as well. A conventional high-efficiency cyclone
by itself would be applicable to the best and
average cases of the fixed-bed gasifier, and the
best case of the fluid-bed gasifier. The CPC
granular bed filter is found to have the same applicability as the high-efficiency cyclone mentioned above. Two cyclones in series are capable
of achieving the same efficiency as an Aerodyne
rotary flow cyclone. A cyclone followed by a
CPC granular bed filter would be applicable to
two more cases than the CPC filter by itselfthe average case of the fluid-bed gasifier and
the best case of the entrained-bed gasifier. It
was found that a dry-type electrostatic precipitator is not applicable to fixed-bed gasifier effluents because the particles in these effluents
have very high carbon contents (55 to 80 percent) which result in low resistivity of the particles and inefficient collection. The electrostatic precipitator was found to be applicable to the
best and average cases of the fluid-and
entrained-bed gasifiers for End Use 2. With a
cyclone upstream as a scalping device, the electrostatic precipitator would also be able to
achieve the required removal efficiency for the
worst cases of the fluid- and entrained-bed
gasifiers.

FATE OF POLLUTANTS
In the previous sections, technologies for controlling the particulate and tar levels of the converter product gases have been discussed and
evaluated. Each control device, in turn, generates solid, liquid, and/or gaseous wastes that
also must be disposed of in an environmentally
acceptable manner. By identifying those
streams in which certain pollutants tend to concentrate, proper disposal and control technologies can be selected to minimize environmental
degradation.
Data on the fate of the particulates and tars
496

erally require a high degree of water recycle
and reuse within the plant, thereby minimizing
the amounts of liquid to be released from the
plant. The collected ash, whether wet or dry,
must be disposed of in a landfill or in any other
environmentally acceptable manner. Undesirable elements can sometimes be leached from
the collected particulate matter. Even if a dry
collection system is used, the solid wastes will
ultimately be exposed to leaching by groundwater if they are disposed of as landfill or
returned to the mine. Use of liners and entrapment of runoff and drainage water will minimize
the likelihood of ecological degradation.
Additional sampling is required for all gasifier types to identify and determine the concentrations of contaminants in quench water, solid
wastes, tars, and scrubber water under better
defined conditions. Laboratory analyses should
include trace metals and identification of the
chemical forms in which they appear, as well as
other inorganic and organic compounds. Studies
to determine the leachability of trace elements
from captured particulates and tars into quench
and scrubber water and into groundwater after
ultimate disposal would be very helpful.
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A COAL GASIFICATION-GAS CLEANING PILOT PLANT:
OPERATING EXPERIENCE AND INITIAL RESULTS
J. K. Ferrell,• R. M. Felder, and R. W. Rousseau
North Carolina State University, Raleigh, North Carolina

species from the raw synthesis gas; and absorption and stripping towers and a flash tank for
acid-gas removal and solvent regeneration. The
gasifier operates at pressures up to 100 psig
(791 kPa), has a capacity of 50 lb coal/hr (23
kg/hr), and runs with either steam-air or steam02 feed mixtures. The acid-gas removal system
is modular in design, so alternative absorption
processes may be evaluated. Associated with
the plant are facilities for direct digital control
of process systems and on-line data acquisition,
logging, and graphical display. Facilities for
sampling and exhaustive chemical analysis of all
solid, liquid, and gaseous feed and effluent
streams are also available.
The overall objective of the project is to characterize completely the gaseous and condensedphase emissions from the gasification-gas cleaning process, and to determine how emission
rates of various pollutants and methanation catalyst poisons depend on adjustable process parameters. Specific tasks to be performed are to:
• Identify and measure the gross and trace
species concentrations in the gasifier product, including concentrations of sulfur gases
(H 2S, COS), condensable organics (e.g., BTX
and polynuclear aromatic hydrocarbons),
water-soluble species (e.g., ammonia, cyanates, cyanides, halides, phenols, sulfates,
sulfides, sulfites, and thiocyanates), and
trace metals (e.g., antimony, arsenic, beryllium, bismuth, cadmium, lead, mercury, selenium, and vanadium).
• Correlate measured emission levels with
coal composition and gasifier operating variables, particularly temperature, pressure,
and solid and gas phase residence time distributions.
• Perform material balances around the gasifier, the raw gas cleanup system, and the
acid-gas removal system, and determine the
extent to which selected species are removed from the synthesis gas in each of the
components.
• Correlate measured extents of conversion

Abstract
An integrated computer-controlled coal gasification-gas cleaning pilot plant at North Carolina State University is currently in preliminary
stages of testing. The gasifier is a 6-in diameter
fl.uidized-bed unit, with a coal feed capacity of
23 kg/hr (50 lb/hr). The gas cleaning system contains a cyclone, a venturi scrubber, and an absorber-fl.ash tank-stripper system for acid gas removaL This paper describes the plant and associated facilities for data acquisition, data logging, and process control; summarizes procedures for chemical analysis of all solid, liquid,
and gas feed and effl.uent streams; reviews results of recent runs,· and outlines plans for future tests.

INTRODUCTION
Many of the factors currently limiting the
large-scale development of coal conversion technology are environmental in nature. Many processes exist to gasify coal, some of which are
available commercially; but the technology of
synthesis gas cleanup is less developed and the
total environmental impact of the implementation of gasification technology is not yet understood.
Recognizing this problem, the U.S. Environmental Protection Agency (EPA) in 1977 .contracted for the design and construction of a
pilot-plant coal gasification-gas cleaning test
facility at North Carolina State University
(NCSU), to be operated by faculty and staff of
the Departmen,t of Chemical Engineering. Construction was begun in January 1978, and the
plant was completed and turned over to the University the following summer.
The principal components of the pilot plant
are a continuous fluidized-bed gasifier; a cyclone
separator and a venturi scrubber for removing
particulates, condensables, and water-soluble
*Speaker.
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I.D. Schedule 40 pipe (816 SS) enclosed in several layers of insulation and contained in a 24-in
(61-em) I.D. Schedule 80 carbon steel pipe. The
overall height of the unit is roughly 12 ft (3.7 m).
Thermocouples are mounted in the center of the
bed at positions 10, 20, 80, 40, 50, and 60 in above
the gasifier feed cones to monitor the bed temperature profile. Differential pressure taps are
set at 16 and 86 in above the feed cones, and the
preHure drop between these taps is used as an
operating parameter. The cones are three 1/2-in
(12.7-mm) diameter tubes arranged triangularly,
with each tube tapering out to 1 in (2.54 cm) for
better flow distribution.
Coal is fed and removed by screw conveyers
from pressurized hoppers at either end of the
vertical reactor. The bed height may be as low
as 3 ft (1 m) and as high as 5.6 ft (1.7 m). The level
of the fluidized bed is monitored with a nuclear
level gauge and kept constant by adjustment of
the char removal screw rotation rate. The coal
feed and removal systems contain nitrogen
purges to prevent back-flushing of any reactants. The insulation section around the gasifier
is also equipped with a nitrogen purge flow for
safety considerations. The gasifier typically
operates at 100 psig (791 kPa) and between
1,600° and 1,800° F (1,150-1,250 K). Steam and
carbon react to form CO and H2: carbon combustion also occurs. Carbon coversions on the order
of 30 to 50 percent have been obtained in preliminary runs.

and removal efficiencies for various species
with system-operating variables, including
temperatures, pressures, holdup times, and
solvent circulation rates.
• Evaluate and compare the performance
characteristics of alternative acid gas
removal processes, considering both C0 2
and H2S removal capabilities and the
degrees to which the processes remove
trace pollutant species from the sour synthesis gas. Evaluate the buildup of contaminates in the various acid-gas removal
solvents.
• Use the results obtained in the above
studies to develop models for the gasification and the gas cleanup processes. The
models will take as input variables the composition and feed rate of the coal, bed depth,
steam and air (or oxygen) feed rates and inlet temperatures, gasifier pressure, and
operating conditions (temperatures, pressures, solvent flow rates, etc.) for the gascleaning systems, and will predict the coal
conversion and the product gas flow rate
and composition, including trace pollutant
levels. The model will be used as a basis for
perfecting the pilot-plant operating conditions, and for estimating emission levels for
scaled up versions of the processes investigated.
The sections that follow briefly describe the
plant and its operation, provide illustrative results obtained in test runs, and outline future
test plans.

Particulates, Condensables, and
Solubles Removal (PCS) System

DESCRIPTION OF PLANT FACILITY

The raw gas produced in the gasifier is fed to
the PCS subsystem (Figure 2). A cyclone separator removes most particulates, and a venturi
scrubber quenches the gas stream, removing
water-soluble and condensable compounds at
the same time. The quenched gas stream is fed
through a shell and tube heat exchanger to a
condensate-receiving tank. The heat exchanger
was added after excessive temperature increases in the receiving tank and consequent
losses of volatile condensate components were
observed in initial runs.
Water in the receiving tank can be used on a
once-through basis or recirculated to the venturi scrubber. The gas leaving the tank goes
through a second heat exchanger, to a mist eliminator, and then through either a coalescing or a

The pilot-plant facility consists of six subsystems:
·
'• Gasifier, coal feed, and char removal system;
• Particulates, condensables, and solubles removal (raw gas-cleaning) system:
• Acid-gas removal system;
• Utilities system;
• Instrumentation and process control systems:
• Data acquisition and display system.
These subsystems are represented schematically in Figures 1 through 4.
Gasifier

The gasifier (Figures 1 and 2) is a 6-in (15.2-em)
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cartridge filter. The pressure drop around the
filter is monitored; if plugging is observed, the
flow is directed to a parallel filter while the first
filter is cleaned or replaced. After leaving the
filter, the sour gas is either burned in a shielded
flare located on the roof or fed to the acid-gas
removal system.

oxygen (or air), and steam are all regulated
through flow control loops to the gasifier, while
a prepared mixture of N2, C02, H~. or other
gas mixtures can be fed to the AGRS in place of
gasifier make gas. The feed stream to the gasifier is first preheated (N2, 02'air) or superheated
(steam). The Syngas feed to the AGRS is mixed
and regulated through a now control valve on
the sour gas compressor outlet.

Acid-Gas Removal System (AGRS)

The acid-gas removal system (Figure 3) is
designed to operate in four different modeswith refrigerated methanol, with hot potassium
carbonate, with monoethanolamine, or with dimethyl ether of polyethylene glycol. All experience to date has been with methanol, and only
this mode of operation will be described in the
remainder of the paper.
The AGRS can accept either a sour gas feed
stream from the gasifier or a synthetic gas
(Syngas) feed stream. The feed gas is first
passed through a dehydrator, then compressed
to 500 psig (3.54 mPa), cooled, and fed to an absorption column. The absorber contains approximately 21.5 ft (6.5 m) of 1/4-in ceramic Intalox
saddles. The 5-in (12.7-cm) diameter column can
accept solvent feed at any of three locations,
which provides flexibility for mass transfer
studies. The sweet gas (whatever remains after
C0 2, H 2S, and other sulfur gases are absorbed)
is then burned in the shielded flare.
The recirculating methanol is refrigerated to
about - 30° F (239 K) before being routed to the
absorber. After passing through the absorber,
the methanol is sent to a flash tank to reduce its
pressure to about 100 psig (791 kPa). It is then
sent to a trim heater before being fed to the
stripping column. The 6-in (15.2-cm) diameter
stripping column containing 22.5 ft (6.9 m) of
1/4-in ceramic Intalox saddles is operated at
about 10 psig (170 kPa), with nitrogen used as
the stripping gas. The column feed temperature
can be regulated by a trim heater. The solvent
is regenerated and sent through a gas chiller (to
further cool the entering sour gas) before being
sent to the refrigeration unit to undergo
another cycle.

Data Acquisition and Process Control
Systems

Plant operation is monitored and regulated
from a control room. Signals from 96 sensors
(temperature, pressure, flow rate, etc.) are sent
to a control panel, where they are processed and
sent to a video display terminal and/or a Honeywell TDC 2000 process control computer and/or
a microprocessor-based plant data acquisition
system. The TDC 2000 regulates 16 different
control loops in the plant. An alarm panel superimposed on a process schematic provides visual
and auditory indications of potentially hazardous conditions.
The data acquisition system has two main objectives: to provide rapid, easily read information to the operator during plant operation, and
to provide a permanent record of run data. A
block diagram of the system hardware is shown
in Figure 4. Each process instrument is wired to
a channel of an L.F .E. Model 6100 Remote Terminal Unit. The LFE 6100, a 96-channel analogto-digital converter, digitizes the 1- to 5-V
transmitter signals to 12-bit resolution and
transmits the results to the computer through a
serial communication line. The conversion takes
place every 15 s upon command from the microcomputer.
The microcomputer used in the acquisition
system is an INTEL 8080A-based system. The
system includes two 8-in floppy disk drives and
32 kbytes of read/write memory. Another 4
kbytes of video display memory are directly addressable by the processor. The operator communicates with the system through a standard
CRT-type terminal, and hard-copy output is
available on a Decwriter II teleprinter.
Once every 15 s the remote terminal unit
transmits signals proportional to all 96 process
variables to the microcomputer. The information is translated to engineering units with a
stored calibration function for each channel.

Utllltlea System

Both the gasifier and AGRS are linked· to the
utilities subsystem (Figure 1), which provides
•the feed streams to both systems. Nitrogen,
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laboratory, in which ultimate and proximate
analyses of coals and· chars are carried out.
Equipment available for these analyses includes
furnaces, ovens, and combustion trains constructed and installed following American
Society for Testing and Materials (ASTM)
guidelines.
The main laboratory also houses a water purification system consisting of a deionizer and a
water still: several macrobalances, semimicrobalances, and microbalances: glassware: reagents; and four instruments for analysis of selected pollutants in the plant wastewater. These
instruments are a Dionex System 10 ion chromatograph, an Orion Model 901 selective ionanalyzer, a Dohrmann Model DC-50 carbon analyzer, and a Bausch & Lomb-Shimadzu Spectronic 210 UV-Visible spectrophotometer.

Several calculated variables, such as the superficial gas velocity within the fluidized bed, are
also displayed. Running sums are kept to allow
interval averaging of data.
The operator, through the use of commands
entered at the CRT terminal, ~ntrols subsequent data processing. By entering a "Display..
command, the operator selects one of eight
schematic representations of the plant shown
on the video display. Process information is
superimposed on these displays to provide an
easily readable display · of information. The
display information is updated after every 15-s
scan.
Using the "print-on" and print-off" commands, the operator can control hard-copy output during a run. The interval average of selected channels is printed out at the end of a
designated interval. Similarly, the "save" and
"no-save" commands are used to control the
storage of data on disk. Data are written in
blocks including all channels and calculated
variables. This interval is also specified by the
"Interval'' command. One 8-in disk holds all information collected during a 12-hr run.
In the initial runs of the pilot plant it became
apparent that the acquisition system could be
useful for more than simple information collection. A capability of displaying trends of particular variables vs. time would greatly facilitate plant operation, for example, and the implementation of a "snapshot" function to record the
sequence of events preceding an alarm-oriented
shutdown of the plant might provide enough information to prevent a second similar occurrence. To provide the computing capability
needed to implement such data management
functions, a Digital Equipment Company PDP
11/34 minicomputer and a color graphics terminal have been ordered to replace the present
microcomputer facility.

Trace AnalyaJa Laboratory

This laboratory is devoted to the analysis of
trace elements by atomic absorption spectrophotometry. Instruments housed in the laboratory include a Perkin-Elmer Model 608 atomic
absorption spectrophotometer with a deuterium arc and various types of flames, a PerkinElmer HGA-2200 graphite furnace, a PerkinElmer mercury analysis system, an LFE Model
LTA-504 low-temperature plasma asher, and a
Barnstead water deionizer.
Coal Reeearch and Analylla Laboratory

This laboratory is equipped for the study of
coal pyrolysis and the analysis of sulfur, nitrogen, and free-swelling index in coals and chars.
The instruments housed in the laboratory include a Fisher Scientific Model 470 sulfur analyzer, an Antek Model 707 nitrogen analyzer,
and a laminar flow furnace reactor capable of
operation at temperatures up to 1,273 K with
particle residence times as low as 50 ms.

ANALmCAL LABORATORY FACILITIES

Solid, liquid, and gas samples from the pilot
plant are analyzed in four analytical laboratories. 9ompounds and major, minor, and trace - eleJ?~nts that are analyzed are listed in Table-1.
Brief descriptions of the laboratory facilities
given in the sections that follow.

are .

Main Laboratory

The main laboratory is a general purpose
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Gea Chromatography Laboratory
The chromatography laboratory is equipped
for analysis of fixed and condensable species in
gas samples, and for analysis of BTX and phenolics in wastewater samples. Instruments in this
laboratory include two Tracor 550 gas ehromatographs equipped with flame ionization and
thermal conductivity detectors, a Varian 8700

TABLE 1. SUMMARY OF COAL GASIFICATION ANALYTICAL PROGRAM

Sample Type

Analysis

coal/char
Proximate
Ultimate
Trace Element
Gas/solvents

Wastewater

Compounds

Analyte
Sieve analysis, density, free swelling
Index
Moisture, ash, volatile matter, fixed carbon
C, H, N. 0, S

As, Be, Cd, Cr, Hg, Ni, Pb, Sb, V
N2, co. co2. H2' H20' CH30H, CH4, H2S' cos.

cs 2

Trace Elements

As, ·Be, Cd, Cr, Hg,

Major Elements
Compounds

C, N, S

Trace Elements

Ni~

Pb, Sb, V

Ammonia, total organic carbon, chloride, COD,
cyanate, cyanide, pH, phenolics, residue,
sulfate, sulfide, sulfite, thiocyanate,
benzene, toluene, xylene.
As, Be, Cd, Cr, Hg, Ni, Pb, Sb, V

gas chromatograph equipped with thermal conductivity and dual-flame photometric detectors,
and a Perkin-Elmer Sigma X chromatograph
data station.
PLANT OPERATIONS

is started. At this temperature, the bed almost
always ignites. After ignition, the bed temperature is brought to about 1,450° F (1,061 K) by a
slow increase of oxygen flow, and a small flow of
superheated steam is diverted into the reactor
from the bypass. To achieve the desired steadystate conditions, nitrogen flow is gradually decreased, steam flow is increased, and oxygen
flow is adjusted to maintain the reactor temperature at the desired value. All of the above
changes must be made smoothly; good results
are usually obtained if sudden large changes in
the superficial gas velocity can be avoided.
The steady-state coal feed rate is established
through control of the speed of the coal feed
screw to maintain the desired feed rate and adjustment of the removal screw speed to maintain the desired bed height as indicated by the
nuclear bed level gauge. During startup, the bed
height can be monitored if signals are observed
.from the temperature sensors located in the
bed, the bed differential pressure sensor, and
the nuclear bed level gauge.

Gasifier Operation

The gasifier and PCS system are pressurized
by starting a flow of process nitrogen through
the gas feed preheater. The preheater and gasifier pressure controllers are set at 1,000° F
(811 Kl and 100 psig (791 kPal, respectively. Coal
feed is commenced when the reactor temperature reaches about 450° F(506 K), with the nitrogen flow maintained at a level sufficient to
fluidize the bed as it forms. During this time,
steam flow is started through the steam superheater, also set at 1,000° F (811 K), and the reactor bypass duct.
·
When the bed temperature has reached
700° F (644 Kl with the bed height between 20
· and 30 in (50 and 76 cm), a small flow of oxygen:
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G0-5, used a coal feed rate of 50 lb/hr (22.7
kg/hr), a bed height of 52 in (132 cm), a steam
feed rate of 25 lb/hr (11.4 kg/hr), and flows of
nitrogen and oxygen adjusted to give a bed temperature of l,800° F. For the second steady
state, G0-6, the steam feed rate was increased
to SO lb/hr (18.6 kg/hr) while the partial pressure
of steam in the feed gas and the reactor temperature was held constant. The gas residence time
in the reactor was thus decre~ed. For G0-7,
the steam rate was reduced to 20 lb/hr (9.0
kg/hr), and the velocity and gas residence time
were made the same as those of G0-5.
As noted, when the bed is well fluidized a
good steady state can be achieved, as indicated
by the constancy of the feed fiow rates, bed
temperatures, reactor pressure, etc. An
example of a poorly fluidized bed and poor
steady state is shown in Figure 6 for Run
G0-18, and an example of operation with a wellfluidized bed is shown in Figure 7 for Run
G0-14. During the early part of Run G0-18 the
bed was obviously not well fluidized, as evidenced by the erratic behavior of most of the
process variables shown in Figure 6. The data
indicate that while the upper portion of the bed
may have been well fluidized, the region in the
vicinity of the 10-in thermocouple was not. A
zone nearly devoid of solids probably exited at
this point, suggesting that the bed had agglomerated and lifted. At approximately 13:30 the
bed temperature was raised to 1,250 K for a
time and then returned to its former set point.
As can be seen, this upset resulted in an improved operation.
Also shown on Figures 6 and 7 are the times
when samples were drawn for analysis at the
sample point locations shown on the plant schematics (Figures 2 and 3). All gas samples are
taken in heated 1-L sample cylinders. Raw gas ·
samples at 100 psig are drawn from the cyclone
and PCS system exits. Also available are highand low-pre11ure samples of cleaned and cooled
gas drawn from a sampling train at the cyclone
exit (Figure 8). In addition to providing a clean
gas sample, the sampling train allows for a
gravimetric determination of the water content
of the gasifier effluent and provides liquid
samples that may be analyzed for condensable
and soluble species in the effluent. Integrated
liquid samples can also be taken from the receiving tank following the venturi scrubber. Wherever they are obtained, liquid samples are im-

When the bed ii well fluidized from the outaet, the proce11 described works well, and reactor startup ii fast and smooth. For a number of
reasons, the bed is often not well fluidized during the startup period, and a variety of difficulties occur. The probable causes are hot spots
because of poor mixing in the bed and bed agglomeration, which result in the bed being lifted
to the top of the reactor.
Figure 6 shows a history of a startup of the
gasifier. Shown plotted vs. time are the reactor
bed temperature at 10 in above the gas feed
cones, the pre11ure drop measured across 20 in
of the bed, and the calculated superficial gas
velocity in the bed. Noted on the figure is the
time when coal feed and oxygen feed were
started. Apparently, one or more of the upset
conditions noted above occurred after oxygen
feed was started, and a steady operating condition was obtained only after several hours of err~tlc behavior.
Once a good steady state has been obtained,
the operation is stable and cannot be easily
upset. We believe that one reason for the difficulty of operation during startup and ease of
operation during steady state is the difference
in the manner in which the fluidizing gas is dispersed. During startup, with no reaction in the
bed, all of the fluidizing gas emerges in jets
from the three feed cones and is not well distributed. During steady-state operation, the carbonsteam reaction causes a progressive increase in
the gas flow rate, and the carbon-oxygen reaction increases the· gas temperature in a zone
just above the cones. Both of these factors act to
increase the gas turbulence and to improve the
distribution across the bed.
Researchers carry out the startup procedures
by using the TDC 2000 controller, making set
point changes to effect changes in process variables. During startup, the reactor temperature
is controlled manually by adjustment of the coal
and gas feed rates. When the desired steadystate values of bed level, and coal, steam, and
nitrogen feed rates have been established, the
reactor temperature and oxygen flow control
loops are cascaded so the temperature is controlled by the oxygen flow rate.
The steady-state operation of the gasifierPCS system is illustrated by plots of selected
process variable vs. time in Figures 5, 6, and 7.
Figure 5 shows three different steady-state conditions. The first of these, designated Run
508
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mediately subjected to appropriate preservation steps and are stored to await subsequent
analysis.

ious points in the columns, has also proven diffi.
cult. Both problems are currently being worked
on, with different sampling port designs considered.

AORS Operation
ILLUSTRATIVE RESULTS:
GASIFIER OPERATION

The absorber is pressurized to 95 psig
(756 ·kPa) using Syngas nitrogen bypassed
around the sour gas compressor. The flash tank
is pressurized to SO psig (808 kPa) with process
nitrogen, and the stripper is pressurized to
10 psig (170 kPa) with stripping nitrogen. After
these pressures are achieved, solvent flow is
begun at 1.5 g/min (5.7 L/min) and the solvent
chiller is started and set at - 80° F (289 K).
After the solvent flow is well established, the
absorber is pressurized to 500 psig (3.5 MPa)
with Syngas nitrogen using the sour compressor, and the flash tank is brought to 70 psig (584
kPa) using process nitrogen. These pressures
and flows are maintained during the remainder
of the cool-down period. During this period, the
gas flow rate to the absorber is kept as low as
possible to help increase the cooling rate.
When the absorber and stripper are near
their final temperatures, the solvent and sour
gas flow rates are set at their steady-state values and the desired flow rates of Syngas and
stripping nitrogen are also set. The composition
of the gas leaving the flash tank is monitored,
and when acid gas is detected in appreciable
quantities, the process nitrogen is turned off
and the flashing gas is used to maintain the desired pressure.
The approach to steady state is monitored
'using an on-line carbon dioxide analyzer. In the
near future an on-line analyzer that will monitor
both hydrogen sulfide and total sulfur will also
be used to define the approach to steady state.
Figures 9 and 10 show the transient and
steady-state values of selected process variables for a typical AGRS run. Shown plotted vs.
time are feed gas temperature, two temperatures in the stripper, and three temperatures in
the absorber. The results will be discussed in
more detail in a later section.
After steady-state conditions have been
achieved, samples are taken of the feed gas,
sweet gas from the top of the absorber, flash
tank gas, and acid gas from the stripper. Attempts to sample gas at various points in the
columns have been complicated by liquid entrainment~ Liquid sampling, especially at var-

Shown on Figure 7 are process conditions for
Run G0-14, carried out February 2, 1979. The
long residence time of solids in the bed (roughly
SO min) probably accounts for the long time required for the make gas flow rate to reach
steady state.
The raw plant operating and gas analysis
data for Run G0-14A were processed to generate input for a data logging and material balance program. (The designation 14A refers to
the period between 12:80 and 13:30, after which
conditions changed in the plant.) The output
from this program is shown in Figures lla and
llb. The paragraphs that follow summarize the
calculated results and the calculations used to
generate them, more or less in the order in
which the results appear on the computer printout.
Reactor Specifications

The reactor pressure and average bed temperature were 108 psig (811 kPa) and 1,792° F
(1,251 K). The reactor diameter is a fixed 6 in
(15.2 cm), and the bed height was controlled at
38 in (97 cm).
The pressure drop in the bed over a fixed
length was measured and used to calculate an
apparent density of the expanded bed. From
this quantity and the known densities of the
solid and gas phases, the bed voidage was determined to be 0.79 ft 8 void!ft3 reactor. The expansion factor is then calculated from this value and
the known settled bed density is 1.95 ftS expanded bed/ft8 settled bed.
It has so far not been possible to eliminate
leakage from the reactor, particularly around
the feed and char removal screw conveyors. The
magnitude of this leakage is estimated before
each run in both static and dynamic tests, and
the result is incorporated into material balance
calculations. In Run G0-14A, the leakage rate
was estimated to be 0.55 stdfts/min (16 L [STPV
min), roughly ·s percent of the product gas fiow
rate.
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the output sheet. They include the solid holdup
(14.7 lb, 6.7 kg), estimated as the apparent solids
density in the hed times the bed volume; the
solid space time (28.3 min, solids holdup/coal
feed rate), and the gas space time (6.31 s, bed
height/superficial gas velocity). Also shown are
the measured pressure drop in the bed, the gas
flow rate (corrected for leakage) measured
following the PCS removal system, and the gas
flow rate at the cyclone outlet, calculated from
the PCS gas flow rate by assuming that the
molar flow rate of dry gas is the same at the two
points.

Solid Feed
The feed to the reactor was a devolatilized
Western Kentucky #11 coal, pretreated at
2,000° F (1,100° C) and pulverized and screened
to 10 x BO mesh. The proximate and ultimate
analyses of the feed coal are shown on the out·
put page, along with ultimate analyses of the
spent char and dust collected in the cyclone. The
term "estimated" above the ultimate analyses
signifies that the given number was obtained in
a previous run under similar conditions; time
and manpower limitations prohibit analysis of
solid samples following every run.

Product Fuel Properties, Conversion
Variables, and Solid Material Balance

Feed Specifications

Most of the remaining quantities shown in
Figure 11 are derived from a chromatographic
analysis of the cyclone exit gas. As of the date of
the run shown, reliable measurements of sulfur
gases could not be obtained, so values shown on
the output page referring to sulfur have no sig·
nificance.
The fuel properties of the make gas are first
summarized: these include the molar percentages of carbon monoxide (22 percent), hydrogen
(37 percent), and methane (1 percent), and the
heating values of the make gas and sweet gas.
The make gas is defined as the cyclone effluent
gas with water and purge nitrogen subtracted,
and the sweet gas is the make gas with C0 2 and
sulfur gases removed.
The carbon conversion in the gasifier is calcu·
lated as the mass flow rate of carbon in the
product gases divided by the feed rate of carbon
in the coal. A 34-percent carbon conversion was
obtained in Run G0-14A. The steam conversion
was 39 percent.
A solid material balance for the total time
period of the run was obtained by weighing the
total amounts of coal feed and spent char and
cyclone dust collected, and determining the coal
gasified by difference. The value of 35 percent
gasified is consistent with the previously cited
34 percent carbon conversion.
The rate at which spent char is removed dur·
ing the steady-state period (21lb/hr,9.5 kg/hr) is
determined from the known rotational speed of
the screw conveyor and the total mass of spent
char collected. Also shown on the output page is
the char removal rate that would close the total
mass balance on the gasifier.

Coal was fed at a rate of 31.2 lb/hr (14.16
kg/hr). Steam was fed at a rate corresponding to
0.95 lb H 20/lb coal (moisture· and ash-free basis),
and oxygen was fed in a ratio of 0.35 lb 0 2/lb coal
(MAF). To prevent the feed nozzles from being
burned, nitrogen was fed at a rate correspond~
ing to 1.3 mol N2/mol 0 2• Therefore, the reactor
could not be considered strictly oxygen fired or
air fired but was much closer to the former.
In the operation of the gasifier, a separate
stream of nitrogen (purge nitrogen) is fed
through the insulating shell and the feed and
char removal screws, eventually combining
with the reactor effluent gas stream. The flow
rate of this stream was 1.9 stdft3/min (4 kg/hr).
The superficial gas velocity in the reactor is
evaluated by assuming a molar gas flow rate
equal to that of the feed gas (steam + 02 + N 2),
converting to a volumetric flow rate at the
mean reactor temperature and pressure, and dividing by the total reactor cross-sectional area.
The calculated velocity in Run G0-14A was 0.60
ft/s (0.18 m/s).
The minimum fluidization velocity was calcu·
lated from a correlation of Babu et al..1 after the
feed gas viscosity at the reactor temperature
and pressure was determined using correlations
of Rohsenow and Hartnett.2 The actual superficial velocity was found to be 1.8 times the esti·
mated minimum fluidization velocity.

Control and Output Variables
Several parameters to be used for subse·
quent correlation analysis are summarized in
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uate system performance and on-line sampling
and analysis techniques, observe system performance over an extended period of operation,
provide operating experience for project personnel, and obtain qualitative information for
the development of an experimental plan. Other
sulfur gases, including H2S, were not used but
will be used in future runs. The results of the
gas analysis for this run appear in Table 2. All
gas compositions are reported on a methanolfree- basis; only trace quantities of methanol
were detected in gas analyses.
A temperature-time plot of several system
parameters for Run AM-4 is shown in Figure 9
(transient period) and Figure 10 (steady-state
period). As can be seen from these plots, approximately 8.5 hr were required for the system to
cool down to its desired value of - 30° F (289 K),
with solvent flow set at 1.5 g/min (5.7 L/min). All
three packed tower sections were used for mass
transfer. Gas was fed to the absorber at approximately 7.5 stdftS/min (212 L [STPVm.in). The
feed rate of N2 to the stripping tower was 1.1
stdft3/ min (31 L [STPVmin). Quantitative
measurement of all outlet flows and compositions for mass balance purposes was not possible at the time of the run. The temperature of
the solvent feed to the stripper was not controlled but was fixed by the absorber bottom
temperature.

Gas Analyses and Elemental Material
Balances

Chromatographic analyses of the gases at the
cyclone and PCS system exits are shown next
on the output page. The measurement of water
in the cyclone gas was subject to considerable
error in this run, and the estimated value of 29.5
percent may be off by as much as 5 percent.
The mass flows in and out of the unit of C, H,
0, N, and total mass are listed, and the percentage differences between input and output are
shown. Better closures in the material balances
are anticipated as sampling and analysis procedures become more refined.
ILLUSTRATIVE RESULTS:
AGRS OPERATION

The acid-gas removal system functioned well
mechanically during three initial runs with a
pure nitrogen gas feed. The objects of these
runs were to check the mechanical operation of
the system, to obtain column hydraulic data for
pressure drop and flooding calculations, and to
calibrate and tune all instrumentation and control loops.
Thus far, only one run (AM-4) has been conducted using a synthetic acid gas (C02 and N2)
feed. The objectives of Run AM-4 were to eval-

TABLE 2. DATA FOR AGRS RUN AM-4

Time

Location

Composition
Mole %
N2

15:30

16:00

co 2

Feed gas
Absorber top
Fl ash tank
Stripper exit

76.8
100.0

23.2

72.3

27.7
64.9

Feed gas
Absorber top
Flash tank
Stripper exit

76.9
100.0
73.2
32.5

35. l
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23 .1
26.8
67.5

be carried out to study the effects of operating
temperature, solid and gas phase residence
times, and feed gas composition on carbon conversion and sulfur gas and trace pollutant emission levels.
The acid-gas removal system will be subjected to a series of tests with Syngas feedsmixtures of C02, H2S, CO, and H2 in nitrogen
with refrigerated methanol as the solvent. Mass
transfer parameters will be determined and correlated with the absorber and stripper temperature and pressure and the gas and solvent flow
rates. During this period, test runs of the integrated gasifier-gas cleaning facility will be
performed, with the PCS system effluent gas
serving as the AGRS feed gas. This will eventually be the normal mode of operation of the
plant; Syngas runs will only be performed in the
initial stages of the test program for each new
solvent. The development of mathematical
models to correlate the performance of both the
gasifier and AGRS systems will be carried out
in parallel with all experimentation.
Beginning in the fall of 1979, a nondevolatilized lignite or subbitumipous coal will be used
as the feedstock to the gasifier, with refrigerated methanol still being used as the AGRS solvent. After several months of integrated plant
operation, a new absorption process will be implemented and tested. A decision concerning
process has not yet been made.

After the system was started with N2 flow,
C02 was added to the feed gas. A substantial
solution exotherm quickly became apparent in
the absorber. While the top section in the absorber showed only a slight effect, the temperature in the absorber bottom reservoir rose considerably. The temperature measured in the
lower section of the column packing also reflected a milder exotherm than that observed
for the absorber bottom. These observations
suggest that for these solvent and gas flows, a
significant amount of the mass transfer takes
place in a small fraction of the packed tower.
This is further substantiated by the fact that all
the C02 was absorbed in the column. In future
runs, information will be obtained using only
the bottom section of packing for mass transfer
with higher inlet C0 2 concentrations and lower
solvent rates. Also, additional temperature
measurement capability will be installed in the
lower section.
The temperature profile in the stripper also
varied. The stripper inlet temperature rose as a
result of the absorber bottoms temperature increase, while temperature in the lower section
of the stripper fell as a result of the desorption
endotherm. The thermal effects were not confined to a particular column section, as they
were in the absorber.
FUTURE PLANS
The gasifier will be run with devolatilized
bituminous coal feed through the summer of
1979. The precision of the analyses and the mass
balance closures associated with the gasifier
operation are nearly at a satisfactory level, but
some refinement in procedures is still required.
Once these refinements have been implemented, a designed series of experiments will
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CHEMICAL ANALYSIS AND LEACHING OF COAL
CONVERSION SOLID WASTES
R. A. Griffin*, R. M. Schuller, S. J. Russell, and N. F. Shimp
Illinois State GeolOgical Survey, Urbana, Illinois
gators, including Cavanaugh and Thomas,1
Cavanaugh et al.,2 and Somerville and Elder,8
have recently characterized the waste streams
from low/medium-Btu gasifiers. Filby et al.,4
have characterized the trace elements in the
solid wastes from the SRC-1 liquefaction process. These waste characterizations are important, as demonstrated by the work of Sinor,5
who determined that the flow rate of Ni, As, Cd,
and Pb from a Lurgi gasification plant may be
environmentally significant. Because of the
large quantities of raw materials consumed,
potentially hazardous accessory elements may
be discharged, even though these elements may
be present in the waste in low concentrations.
Because the quantity of solid wastes produced from coal conversion processes can be
large and variable (Griffin et al.8), the wastes
must be characterized in detail. However, characterization alone is insufficient for evaluating
acceptable waste disposal methods. Therefore,
it is necessary to determine which elements can
be leached from the wastes and under what circumstances.
The solubility of the accessory elements in
coal conversion ashes and residues has not been
thoroughly investigated. Some gasification
ashes and liquefaction residues are produced
under relatively severe conditions, namely, at
high temperatures and/or pressures. Liquefaction residues are produced under a reducing atmosphere. Such conditions can alter the mineralogy and subsequent solubility of accessory
elements in the feed coals, thus affecting potential release of pollutants.
The application of equilibrium solubility
models can provide useful insights into the
chemistry of aqueous systems. Equilibrium
models provide, at a minimum, boundary conditions within which questions may be framed.
For example, a typical environmental problem
solved by equilibrium models is one of predicting the highest concentration of a given constituent that can be achieved in solution before
precipitation occurs with a given solid phase.

Abstract
Five solid wastes from coal conversion processes were characterized chemically and mine,..
alogically. The wastes included three Lurgi
gasification ashes and mineral residues from the
SRC-1 and H-Coal liquefaction processes. Chem·
ical analyses of the solid wastes were performed
for 60 constituents. Mineralogical characte1'ization of the solid wastes was carried out using
X-ray diffraction, Mossbauer spectroscopy,
scanning electron microscopy, and optical
techniques.
Leachates generated from the solid wastes at
eight pH levels and under two different gas at·
mospheres were analyzed for over 40 chemical
constituents. Thermodynamic speciation of in·
organU: ions and complexes in solution were
modeled. There were 115 aqueous species con·
sidered in the mode4 and saturation data were
computed for over 100 minerals.
Results of the mineralogical characterization
and leachate analyses showed a wide range in
constituent concentration and in the minerals
present in the solid wastes. However, thermochemical modeling demonstrated that similar
mineral phases controlled the aqueous solubility
of the major ionic species for all five solid
wastes.
INTRODUCTION

Although the fuels produced by coal gasification and liquefaction processes are free of certain pollution hazards (e.g., sulfur), accessory
elements from the coal may be present in these
fuels or concentrated in the waste streams.
These waste products must be characterized
before environmentally acceptable methods for
their disposal can be developed.
Until recently, primary emphasis had been on
characterizing airborne contaminants from coal
conversion processes. However, several investi·
*Speaker.
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is beyond the scope of this study to describe the
three coal conversion process technologies,
which are available elsewhere (e.g., Braunstein
et al, 12 and Parker and Dykstra 18).
To assess the solubility of the accessory elements contained in the solid wastes, this study
was developed in four stages:
• Chemical characterization of the solid
wastes,
• Mineralogical characterization of the solid
wastes,
• Determination of the soluble constituents
from the solid wastes, and
• Application of thermochemical equilibrium
modeling to determine the mineral phases
controlling the solubilities of accessory
elements in the solid wastes.

Solutions to such problems can be useful in developing a "worst case" scenario for a given pollutant leaching from a solid waste. Such solutions set the upper boundary for concentrations
of the pollutant that will have to be dealt with
under a given set of conditions.
Applications of solubility models to environmental problems must be interpreted with care.
For example, it is not uncommon to find large
discrepancies in literature values for the solubility products of some mineral phases. The value
of the solubility product may depend on the approach to equilibrium, using well-defined
crystals vs. precipitation, and phenomena such
as phase transitions, aging, colloid formation,
and differences in particle size. These factors,
along with slow attainment of equilibrium and
the presence of impure minerals in nature as opposed to the pure minerals used to determine
solubility constants, may obscure solubility relationships and their application to practical environmental problems.
Important factors controlling the solubility of
mineral phases include pH, redox environment
of the system, oxidation state of the mineral
components, concentration and speciation of individual inorganic and organic ions and complexes in solution, and ionic strength (total soluble ions). Application of results from solubility
models to real environmental conditions requires considerable caution. Nevertheless,
assuming that the activities are calculated correctly and that the equilibrium constants are numerically factual, the models should accurately
predict the solubility of an ion under a given set
of conditions for an exhaustive list of solid
phases.

CURRENT STUDIES OF THE
SOLUBILITY OF COAL GASIFICATION
AND LIQUEFACTION SOLID WASTES

Sources of Gasification Ashes
and Uquefactlon Residues
During 1973 aJ}d 1974, the American Gas Association and the Office of Coal Research
studied the performance and suitability of various American coals for gasification by the Lurgi
process. Four different coals were sent to
Scotland, where they were gasified in the Lurgi
plant at Westfield. Among these four coals were
5,000 tons each of Illinois No. 6 and No. 5 (seam)
coals and a Rosebud (seam) coal from Montana
that was gasified. The unquenched waste ash
was then sent back to the United States, where
it has been used in several studies. The samples
of Illinois No. 5 and No. 6, and Rosebud Lurgi
ash, for which data are reported here, were supplied to us by Peabody Coal Company's Central
Laboratory at Freeburg, Illinois.
The H-Coal liquefaction residue was obtained
from Hydrocarbon Research, Inc., Trenton, New
Jersey. The residue was the vacuum still bot·
toms generated during production of a fuel oil
product using an Illinois No. 6 (seam) coal and
the H-Coal® pilot development unit at the HRI
Trenton Lab May 3, 1976.
The SRC-1 liquefaction dry mineral residue
was obtained in September 1976 from the Pittsburg and Midway Coal Mining Company solventrefined coal pilot plant at Fort Lewis, Washing-

Purpose
The purpose of this study was to investigate
the potential pollution hazards of selected coal
conversion solid wastes. The project is part of
ongoing research by the Illinois State Geological Survey into the characterization of coal and
coal residues (Ruch et al.,7 Ruch et al.,8 Ruch et
al.,9 Gluskoter,10 and Gluskoter et al. 11 ). The five
wastes chosen for this study included three
Lurgi gasification ashes from runs employing
three different feed coals and two liquefaction
residues- an SRC-I dry mineral residue and an
H-Coal vacuum still bottoms mineral residue. It
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conversion. For exa1J1ple, pyrite (FeS2) is the
dominant form of iron in the feed coals but is not
detected in any of the solid wastes. The pyrite
has been converted to hematite and magnetite
during the Lurgi gasification process. In contrast, the pyrite has been converted to pyrrhotite and troilite during the liquefaction processes. Another interesting contrast occurs in
the clay minerals present in the feed coals. They
remain unaltered during the liquefaction processes but are converted to feldspar and mullite
during the Lurgi gasification process.

ton. A Kentucky No. 9 <seam) coal was being
processed at the time the sample was obtained.

Chemical Characterization
The chemical composition of the five solid
wastes has been characterized for over 60 chemical constituents including major, minor, trace,
and rare earth elements using the methods described by Gluskoter et al. 11 The results of these
analyses have been reported previously by Griffin et al.,0 Schuller et al.,u and Griffin et al.111
Nine elements were generally found in concentrations greater than 1,000 mg(kg of the solid
wastes: Al, Ca, Fe, K, Mg, Na, S, Si, and Ti. An
additional group of elements was found in concentrations generally between 100 mg/kg and
1,000 mg/kg. These included B, Ba, Ce, Cl, Cr, F,
Mn, Sr, V, Zn, and Zr. Another 20 elements
were found in detectable concentrations less
than 100 mg/kg.
The most noteworthy differences in chemical
composition between the wastes were the high
levels of Ca and Mn in the ashes from the Lurgi
process and the high levels of S and Cl in the
two liquefaction residues. The wastes from the
Rosebud and Kentucky No. 9 coals contained
higher levels of P and F than did the wastes
from the Illinois coals. Trace element composition was highly variable, and no clear pattern
could be distinguished. Concentrations of Zn
varied over the widest range (13 to 1,500 ppm),
presumably in response to the presence or
absence of ZnS in the feed coals. Correlation
between the chemical characterization of the
wastes from this study and other investigations
is quite difficult. The difficulty arises from the
variability within the feed coals employed and
the process parameters used. Changes in temperatures and pressures affect the fate of constituents and the nature of the various coal conversion process waste streams.

Aqueous Solublllty

To determine the soluble constituents of the
five solid wastes, large-volume, static leaching
tests were used. This involved making 10 percent (weight to volume) slurries of solid waste
with distilled water in large glass carboys. The
slurries were made in a series of four and adjusted to pH values over the range 2 to 11. The
pH values of the slurries were monitored and
readjusted to the specified values when necessary. Chemical equilibrium was assumed when
the pH remained · constant. The period for
achieving equilibrium lasted 8 to 6 mo. However, studies conducted with the Lurgi ashes indicated that they had reached over 90 percent
of their equilibrium concentrations within 1
week. Duplicate sets of the slurries were made;
one set was equilibrated under an argon
(oxygen- and C02-free). atmosphere and the
other u~der an air atmosphere.
The leachates from the wastes were analyzed
for 48 constituents, and these concentrations
were compared to recommended water quality
levels (EPA 18). The results of the actual leachate
analyses have been reported previously by Griffin et al.0 and Griffin et al.111 Table 2 lists consti·
tuents found to exceed the recommended levels
over the pH range studied and under the laboratory conditions described above. Although
many constituents exceed the recommended
levels under acid conditions, those that exceed
the recommended levels over the entire pH
range or at their natural pH were felt to represent the highest potential for pollution. These
constituents are listed under the "Natural pH"
column in Table 2. Also given in Table 2 are the
pH ranges of the leachates used and the pH
values of the two natural pH solutions for each
aerobic (air) and anaerobic (argon) set of slurries

Mlneraloglcal Characterization
Samples of the five solid wastes were analyzed
by X-ray diffraction, Mossbauer spectroscopy,
scanning electron microscopy, and optical techniques. The minerals identified are listed in
Table 1. Comparison of the mineralogy of the
samples from gasification and liquefaction processes is instructive from the standpoint of the
mineral transformations occurring during coal
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TABLE 1. MINERALS IDENTIFIED IN COAL CONVERSION SOLID WASTES

Minerals
Identified

Lurgi
Rosebud

Lurgi
IL 5

Lurgi

Hematite
(Fe203)

x

x

x

Magnetite
. (Fe304)

x

x

x

Goethite
(FeOOH)

x

x

x

IL 6

H-Coal
IL 6

SRC

KY 9

Pyrrhotite
(Fei-xS)

x

x

Troilite
(FeS)

x

x

Sphalerite
(ZnS)

x

Quartz
(Si02)

x

x

x

Gypsum-Anhydrite
(CaS04)

x

x

x

x

Calcite-Dolomite
(CaC03-CaMg(C03)2)

x

x
x

x
x

Wollastonite
(CaSi03)
Plagioclase Feldspar
Na(Ca)AlSi30s

x

x

x

Mullite
(3Al203 • 2Si02)

x

x

x
x

Clay Minerals

for each waste. The natural pH slurries are slurries that were allowed to equilibrate without
pH adjustment by addition of either nitric acid
or sodium hydroxide. Table 2 indicates that
there is a strong similarity between the soluble
constituents found in a solid waste and the
treatment it undergoes: i.e., the three Lurgi
ashes yielded nearly the same major soluble
constituents for all three feed coals employed.
The same was true for the two liquefaction
wastes. The Illinois No. 6 coal was used in both
the Lurgi and H-Coal processes but resulted in

x

the derivation of different soluble constituents
from their wastes. The levels of Cd, K, Mn, Na,
Pb, and Sb found in the Lurgi ash leachates
were higher than those found in the Jeachates
from the H-Coal and SRC residues under the
conditions employed.
In addition to constituents listed under the
"Natural pH" column in Table 2, Al, Be, Cr, Co,
Cu, F, Fe, Mg, Ni, P, V, and Zn were found in the
leachates at concentration levels exceeding the
recommended levels in water under certain pH
conditions, generally when the pH was acidic.
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TABLE 2. CONSTITUENTS WITH CONCENTRATIONS EXCEEDING RECOMMENDED
WATER QUALITY LEVELS UNDER THE LABORATORY TEST CONDITIONS

Adjusted pH
Natural
Air

Arson

Lurgi Ash
Illinois #6
Coal

7.6

8.9

Lurgi Ash
Illinois #5
coal

8.3

Lurgi Ash
Rosebud Coal

8.5

Sam;ele

~H

Constituents
B, Ca, Cd, K,

Ran9e
8.9-2.7

Al, Cr, Co, Cu,
Fe,· Zn

10.9-3.1

Al, Cd, Cr, Co,
Cu, Fe, Ni, Zn

11.1-3.l

Al, Cr, Co, Cu,
Fe, Mg, Mn, P,
Zn

10.2-2.9

Al, Be, Cd, Cr,
Co, K, Ni, Pb,
P, v, Zn

11. 3-2. 3

F, Fe, Mn, Pb,

Mn, NH1t I Pb,
S01t I Sb
10.9

B, ca, K, Mn,

Additional
constituents
leached

NHi+ I Pb, S01t I
Sb

11. l

B, Ca, Cd, F,
K, Mo, NHi+, Pb,

S01t, Sb
SRC-I
Kentucky #9
Coal

6.4

H-Coal
Illinois #6
Coal

8.8

7.5

B, Ca, Fe, Mn,

NHi+, S01t
11. 3

Al, B, Ca, NHi+

Zn

Christ. 17 The thermodynamic solubility model
used in this study (WATEQF) considered the
speciation of 115 aqueous inorganic ions and
complexes and computed saturation· data for
over 100 minerals. The theory of the model and
its computer implementation have been discussed previously by Truesdell and Jones.1s. 19
and by Plummer, Jones, and Truesdell.20
The stability relations of the iron oxides and
sulfides in water are shown in Figure 1 plotted
as a function of Eh and pH. The data from the
leachates of the five wastes and a pyrite standard, equilibrated under the same conditions as
the solid wastes, are shown plotted on the diagram.
Some explanation of the diagram may aid in
interpreting the data. The upper and lower
limits of water stability are shown on the
diagram and mark the upper and lower boundaries of Eh and pH of concern. That is, at Eh and
pH values above the upper boundary shown,

Discharges of the constituents listed in Table 2
at the levels found in this study could cause
some environmental degradation and require
wastewater treatment.
Equlllbrlum Solublllty Model

It is difficult to explain the aqueous chemistry
of a complex system such as the leachates from
coal conversion solid wastes. Possible complexation, ion pair formation, and the effects of
organic components on the formation of organometallic complexes hinder the description of
these systems. On the other hand, it is still of interest to examine these systems in an effort to
account for their soluble components, and we
progress if we prepare diagrams showing the
relations of the known aqueous species to the
mineral solid phases.
The solubility and mineral stability diagrams
were prepared as described by Garrels and
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Data points that fall on or near a boundary
line, such as the pyrite standard plotted in
Figure 1, illustrate a solution in simultaneous
equilibrium with the various solid phases
described by the boundary. The pyrite used in
this study was a technical grade material that
contained both hematite and magnetite as impurities. Thus, it is reasonable that the solution
would be in equilibrium with these three mineral phases and serves to illustrate that the electrodes used in the measurements were operating properly.
The boundaries between solid phases and
aqueous species such as between hematite and
the aqueous Fe +2 ion serve as true "solubility"
boundaries; as such, they are a function of the
activity of the ion in solution. Two boundaries
are shown in Figure 1, one for 10-eM and
another for 10-2M Fe+ 2aq· The 10- 6M boundary is chosen by convention, on the premise that
if the activity of an ion in equilibrium with a
solid phase is less than 10- 6 M, the solid will be
immobile in the particular environment. This
convention was developed largely from experience but seems to correlate well with natural
geologic systems. The 10- 2M boundary was
chosen because it corresponds to the upper limit
of Fe +2 concentrations measured in the
leachates from the solid wastes.
The boundary between two aqueous species
such as Fe+ 2 and Fe+ 8 ion is drawn where the
concentration of each ion is equal. Thus, the
labeled areas are areas where the particular ion
dominates but where small concentrations of
other ions may also be present.
The 10- 6 M boundaries of the metastable
minerals maghemite and freshly precipitated
ferric hydroxide are shown as dashed lines on
the diagram. It is certain that these two minerals are unstable with respect to hematite,
pyrite, and magnetite, and that, given sufficient
time, will convert to the thermodynamically
stable minerals. However, these minerals are
clearly of more than transitory existence in
natural environments and warrant consideration as mineral phases likely to control iron concentrations during the initial leaching of solid
wastes, which may be the environmentally
critical period.
The, data plotted in Figure 1 indicate that
amorphous ferric hydroxide is a likely control
on iron concentrations in the leachates at pH
values less than 7. Indeed, computations of ion
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Figure 1. Stablllty relations of Iron oxides
and aulfldes In water at 26 ° C
when the sum of S = 10-3M
and fe+2 aq = 10-&M

water decomposes into oxygen gas and at the
lower boundary decomposes into hydrogen gas.
Thus, Eh and pH values outside this range are
not normally of concern when the aqueous
chemistry of natural systems is interpreted.
The solid lines between solid phases such as
hematite and magnetite mark the boundaries of
mineral stabilities. Data points falling within
theie regions indicate that the samples are
within the stability field· of the particular
mineral. Most of the data points shown in
Figure 1 fall within the hematite stability field.
This is reasonable because hematite was identified by X-ray diffraction as being present in
most of th_e aamples. However, magnetite and
pyrrhotite were also identified as minerals present in the solid wastes. These diagrams illustrate that these two minerals are unstable in
these systems and, given sufficient time, will
decompose to other mineral phases.
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activity products for the leachates yield good
agreement with the solubility constant for the
amorphous ferric hydroxide in the acid solutions. The iron concentrations tend to drop
below detectable levels in the alkaline solutions.
It is clear from the plot of the data in Figure 1
that the Eh-pH relations of the alkaline leachates are not controlled by equilibria between
minerals shown on the diagram. Figure 2 shows
the aqueous stability relations of the manganese oxide-carbonate system. The data indicate
that the manganese oxides and carbonate are in
equilibrium in the alkaline leachates, while the
data points for the acid leachates fall in the
aqueous Mn +2 ion field. This conclusion is supported by the computations of the ion activity
products for the manganese minerals. These
computations showed that the alkaline solutions
were generally in equilibrium with the manganese oxides or carbonate on which boundary the
particular data points shown in the diagram fell.
The acid leachates were undersaturated with
respect to the various manganese minerals, as
deduced from Figure 2. Thus, it appears that
manganese oxides control the Eh-pH relations
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of the alkaline leachates and metastable freshly
precipitated ferric hydroxide in the acid leachates.
The solubility relations of anhydrite and gypsum are shown in Figure S. Here, the solubility
of gypsum exerts a dominant influence over calcium and sulfate concentrations in the leachates
at all pH levels, with the exception of the H-Coal
leachates. The H-Coal leachates are all undersaturated with respect to gypsum, but gypsum still
provides the upper boundary for prediction of
calcium and sulfate concentrations. This is noteworthy because the H-Coal residue contained
the highest concentrations of sulfur but had the
lowest water-soluble sulfur levels, including all
sulfur species considered. This underscores the
need for information on mineral forms in the
solid waste in addition to chemical analysis of
the waste.
The calcium and magnesium carbonate equilibria of alkaline (pH >7.6) leachates from the
five solid wastes in contact with air are shown
in Figure 4. Calcium concentrations of the acid
leachates were controlled by gypsum equilibria,
but it is expected that calcium concentrations in
alkaline solutions in contact with atmospheric
carbon dioxide would be controlled by calcite
solubility. However, the data plotted in Figure 4
indicate that the solutions are supersaturated
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Figure 5. Silicon dioxide and aluminum
hydroxide solubility equlHbrta of
leachate• from five coal conversion solid wastes.

Figure 4. Calcium and magnesium carbonate equilibria of alkaline (pH
> 7 .6) leachate• from five coal
conversion soHd wastes In contact with air.

equilibration vessel and in which quartz was
identified as being present in all the solid
wastes. Amorphous Si02 is clearly not the most
stable phase, and silica concentrations, after
long time periods, would be expected to be controlled by alumine>-silicate minerals or quartz.
The Al equilibria in the mid·acid and alkaline
<not shown) pH range were dominated by the
amorphous hydroxide. Similar to the Fe and Si
equilibria, a metastable mineral phase was apparently controlling the solubility. It is clear
that these metastable mineral phases must be
considered when the environmental impact is
predicted during the initial leaching of coal conversion solid wastes.
The aqueous chemistry of some other potential contamin.ants was examined. For example,
computation of ion activity products for Baso,
indicated that Ba concentrations in the leachates would never exceed 0.1 ppm, even in very
acid solutions. Fluoride concentrations in the
leachates were predicted to be controlled by
precipitation of fluorite (CaF2) and fluorapatite

with respect to calcite while some samples are
either in equilibrium with or undersaturated
with respect to magnesite. Other workers have
also noted higher solubility of calcite in the
presence of Mg. Hassett and Jurinak 21 found
that calcites with low levels of Mg showed an increase in solubility. Likewise, Berner22 showed
incorporation of Mg within the calcite to be considerably more soluble than pure calcite. Further, the presence of Mg and 804 have been
shown by Aken and Lagerwerff23 to enhance the
solubility of calcite. Thus, it appears that
magnesite equilibria in alkaline leachates can be
used to predict the upper bounds on Mg concentrations but that problems with supersaturation
preclude the use of calcite to make similar predictions of Ca concentrations.
The silicon dioxide and aluminum hydroxide
solubility equilibria are shown in Figure 5. Most
samples were found to fall within the range of Si
solubilities expected from amorphous glass and
quartz. This is consistent with the experimental
design, which employed glass carboys as the
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(Ca5(P0,)8F). Phosphate levels in the alkaline
leachates would never exceed 1 ppb; this was
predicted from the ion activity product calculations for fluorapatite and hydroxyapatite
(Ca5(PO,)80H). In the acid leachates, phosphate
levels are predicted to be controlled by precipitation of insoluble iron and manganese phosphates.
The data from this study strongly suggest
that removal of trace metals such as Cd, Co, Cr,
Cu, Ni, Pb, and Zn from slurry pond leachates
may be controlled by adsorption on or coprecipitation with iron, manganese, and aluminum
oxides and hydroxides. The removal of trace
metals by this mechanism would be operative
for long time periods because the adsorptive
capacity of the solid plase would be continually
replenished by formation of new metal oxides in
the leachates. In any case, the partitioning between trace metals and solid phases must be
considered when trace metal mobility is
evaluated in these systems. Further, these
· studies show that hydroxide, sulfate, and carbonate are the major inorganic ligands that
must be considered.
Thus, application of thermochemical solubility models to the coal solid waste leachates examined in this study has yielded valuable insight into the potential pollution hazards of
these wastes. It has shown that, while the concentrations of chemical constituents in the solid
wastes and leachates varied over a wide range,
similar mineral phases controlled the aqueous
solubility of many major, minor, and trace ionic
species for all five of the solid wastes.

Spectros~opic Analysis of the samples. The
authors also wish to thank the Analytical
· Chemistry Section of the Illinois State Geological Survey under the direction of Dr. R.R.
Ruch, and to thank Dr. H. D. Glass and T. M.
Johnson for assistance. in portions of this
research.
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HAZARDOUS WASTE-DEFINITION AND REGULATION
Alan S. Corson, Mathew A. Straus, and David Friedman•
Hazardous Waste Management Division,
U.S. Environmental Protection Agency. Washington. D.C.

The national standards mentioned previously
have been proposed for public comment and are
to be finalized no later than December 31, 1979.
RCRA provides that these standards will go
into effect 6 mo after final promulgation, or in
early summer of 1980.
The proposed regulatory strategy uses a
pathways approach wherein the path and desti·
nation of any hazardous waste are controlled
without particular attention to the source of the
waste. Thia approach is basically different from
the approach used to regulate air and water pol·
lution, where specific standards are written for
and tailored to each industrial category. The
pathways approach was chosen because hazard·
ous wastes are mobile and can be disposed of at
locations far from . the generating sources,
whereas industrial , air and water pollution
sources are fixed and relatively easy to identify.
I will briefly review the regulations within
the proposed hazardous waste program and provide additional detail on the proposed definition
of hazardous waste.

Ab1tract
Ths Re1ource Cona1rvation and Recouery Act
of 1976 (RCRA), in amending ths Solid Waate
Dilposal Act, created a regulatory {rameworll. in
which to control waste materlala diaposaL TM
Act furth.-r requires the U.S. Environmental
Protection Ag1ncy (EPA) to 11t and 1nforc.
1tandartla for 1'Tl41141ling hazanloua wastes. Thia
~r summarizes the ct.velop,,umt of tl&e t:Nfinition of hazardous waste, bastld on the requlntments of RCRA and the other standards mandated by RCRA. These regulations, propo1tld in
thB Federal Register on ~mber 18, 1978, an
briefly reviewed.

INTRODUCTION
The Resource Conservation and Recovery
Act (RCRA), which substantially amends the
Solid Waste Disposal Act, creates a regulatory
framework in which to control the disposal of
wastes defined as hazardous. Subtitle C of
RCRA requires the U.S. Environmental Protec·
tion Agency (EPA), in consultation with State
governments, to develop national standards to
define hazardous wastes; generators and trans·
porters of hazardous waste; performance, de·
sign, and operating requirements for hazardous
waste treatment, storage, and disposal facili·
tie1: a permit system for such facilities; and
guidelines describing conditions under which
State governments will be authorized to carry
out the hazardous waste control program.
This "cradle-to-grave" concept is somewhat
unique but necessary to ensure that wute1 re·
quiring special management are handled only at
faeilities with proper permits. All stages of the
hazardous waste management cycle are con·
trolled, whether the waste is managed "onsite,"
at the point of generation, or transported to an
"offsite" waste management facility.

HAZARDOUS WASTE DEFINITION

RCRA requires hazardous waste to be defined by inherent characteristics (e.g., flammability and corrosiveness) and by listing of partic·
ular hazardous wastes.
HAZARDOUS WASTE GENERATORS
The proposed standards for hazardous waste
generators require recordkeeping, annual reports, proper containing and iabeling of hazardous waste shipped offsite for disposal, and a
transport manifest document for each shipment.
Retailers, farmers, and generators of small
amounts of waste Oeu than 100 kg/mo) are excluded from thete requirements provided they·
dispose of waste in State-approved facilities.
Generators do not Dffd permits.

•Speaker.
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HAZARDOUS WASTE TRANSPORTERS

waste. RCRA defines "solid waste" as "any garbage, refuse, sludge from a waste treatment
plant, water supply treatment plant, or air Pol·
lution control facility and otlur diacard.d material, including solid, liquid, eemisolid, or contained gaseous material resulting from industrial, commercial, mining, and agricultural operations and from community activities. The term
does not include solid or dissolved material in
domestic sewage or solid ·or dissolved materials
in irrigation return flows or industrial discharges that are point sources subject to permits under Section 402 of the Federal Water
Pollution Control Act, as amended, or source,
special nuclear, or byproduct material as defined by the Atomic Energy Act of 1954~ as
amended." There are three noteworthy aspects
of a solid waste definition. The term encompasses not only solids, but liquids, semisolids,
and contained gases: it explicitly excludes certain materials; and it includes "other discarded
material." EPA has grappled with the meaning
of "other discarded material" for over a year because it is one of the more ambiguous yet important parts of the definition. For example, are
byproducts of manufacturing proce11es "discarded materials"? Sometimes they are, and
sometimes they aren't. Are materials sent to
recycling or reprocessing centers "discarded
materials"?
After substantial discussion and comment inside and outside the Agency, EPA has judged
this phrase to mean any material that is abandoned or committed to final disposition; reused,
if such use constitutes land disposal; and a
waste oil, if it is incinerated or burned as a fuel.
Under this definition, for example, used solvents sent to a reclaiming facility would not be
considered a discarded material and, therefore,
would nqt be considered a solid or a hazardous
waste. Similarly, materials being transferred
between industrial facilities, perhaps via a
waste exchange, would not be subject to hazardous waste controls. On the other hand, materials
reused in a way involving land application (i.e.,
soil conditioners, fill materials, dust sup.
pressants, etc.) would be considered discarded
materials because reuse of materials in this
manner could result in serious adverse impacts
from uncontrolled release and dispersion of contaminants into the environment. Similarly, EPA
has singled out waste oils for special control

Hazardous waste transporters are required
to take the hazardous waste shipments only to
the permitted facility designated by the generator, to keep appropriate records, and to report
spills enroute. Transporters (as in the case with
generators) do not need permits in the Federal
system, but some States require hazardous
waste transporters to be registered.

HAZARDOUS WASTE FACILITY
STANDARDS AND PERMITS
National standards for hazardous waste
treatment, storage, and disposal facilities not
only establish acceptable levels of performance
that such facilities must achieve but also are the
criteria against which regulatory officials will
measure applications for permits. In setting facility standards, EPA has relied primarily on
specific design and operating standards (as opposed to general ambient or source emission
standards) because they are more easily understood and enforced than other types of standards..

STATE HAZARDOUS WASTE PROGRAMS
Congress intended that EPA establish national standards for hazardous waste management but that the individual States implement
and enforce this new regulatory program. EPA
has developed a guideline that describes the
elements a State hazardous waste program
must have in order for that State to have
authority to carry out the national program.
Among other things, States must have legislation and regulations for hazardous waste management that are no less stringent than in the
Federal analogs and must demonstrate that
they have adequate resources to administer and
enforce the program.

DEVELOPMENT OF THE PROPOSED
DEFINITION
I would like to highlight the development of
the definition of hazardous waste in the December 18, 1978 Federal &gister. Before a material
can be defined as a hazardous waste, it must
first be established that the material is a solid
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beeauae they are ubiquitous and there are docusociated with their reuse.

acteristics nor the listing is static. Both may be
added to or changed, after opportunity for
public comment, as new information develops.

Criteria of Identification and Uatlng

Hazardous Waste Characteristics ·

In defining a hazardous waste as mandated in
Section 8001 of RCRA, EPA is required to develop and promulgate criteria for identifying
the characteristics of hazardous waste and for
listing hazardous waste, and to identify the
characteristic of hazardous waste and list particular hazardous wastes. As a first step in this
definition process, EPA has developed a set of
criteria in defining the characteristics of a
hazardous waste and for listing these wastes.
These criteria are identified in Section 250.12 of
the proposed rule and al'.'e:
• Criteria for Identifying Characteristics of a
Hazardous Waste
• Damage cases: certain wastes are known
to have caused substantial public health
or environmental damage in documented
cases.
• Availability of economical sampling and
analysis procedures for a particular property of the waste.
• Criteria for Listing Hazardous Wastes
• The waste is known to meet, or strongly
suspected of meeting, one of the defined
general characteristics.
• The waste meets the statutory definition
of a hazardous waste.
Based on these criteria, EPA has elected to
define the general characteristics of ignitability,
corrosivity, reactivity, and certain aspects of
toxicity to identify hazardous wastes. It should
be noted that EPA also attempted to define
characteristics of infectious and radioactive
waste and other aspects of toxicity such as
genetic change potential and bioaccumulation.
However, in developing this regulation, EPA
encountered difficulty in describing these properties and elected to deal with potentially infectious, radioactive, and certain toxic wastes by
listing known sources of these wastes or proc- '·
esses likely to produce them. EPA does intend
to explore the appropriateness of additional
characteristics to further defme toxicity and
radioactivity. To this end, it has published an
advanced notice of proposed rulemaking seeking additional data related to these concepts. It
'lhould also be emphasized that neither the char-

In order to provide specific descriptions of
wastes meeting these characteristics, each characteristic was defined in terms of specific definable properties. The following ~ a brief description of each characteristic and its properties.
• lgnitability. The objective of the ignitability characteristic is to identify wastes that
may present a fire hazard under routine
waste disposal and storage conditions. The
resulting fires at disposal and storage facilities present not only the immediate danger
of heat and smoke but can initiate explosions, generate toxic vapors, and provide a
pathway by which toxic particulates can
spread to the surrounding area. (The term
ignitable was chosen to avoid confusion with
the U.S. Department of Transportation's
(DOT) category of "flammable" in its hazardous mate.rials transportation regulations).
Several methods can be used to identify
ignitable wastes, depending on the physical
state. For liquid wastes, flash point was selected as the property to use because testing
methods are available and are the most reproducible. The flash point proposed for
identifying ignitable wastes is 140° F
(60° C); this value was selected after consideration of ambient temperatures to which
wastes may be exposed during management.
For solid wastes, a prose definition was
selected because test methods are not available for ignitable solids that simulate the
field conditions to which a waste is subject
during handling and management. For
waste gases, EPA proposes to use the DOT
identification for flammable compressed
gases because the major hazard from ignitable gases would arise during transport.
• Corrosiuity. A corrosivity characteristic
has been included to identify wastes that
must be segregated from others because of
ability to extract and solubilize toxic contaminants (especially heavy metals) that
might otherwise not migrate, and to identify
wastes requiring special containers during
transportation and storage.

mented health and environmental problems as-
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While heavy metal solubilization is an extremely complex phenomenon, pH has been
found to be its most important indicator.
The pH limits chosen in these proposed regulations were based upon skin corrosion
limits and heavy metal solubilization data.
The metal corrosion limits were taken from
DOT hazardous materials regulations because EPA's concern about container damage is identical to that of DOT's in this case.
• Reactivity. The object of the reactive waste
characteristic is to identify wastes that
under routine management present a hazard
because of instability or extreme reactivity.
Reactivity includes the tendency to autopolymerize, to create a vigorous reaction
with air or water, to exhibit shock and thermal instability, to generate toxic gases, and
to explode.
In their proposed regulation, EPA included a descriptive definition of a reactive
waste, together with test methods for thermal and shock instability, because of the
problem in developing general test methods ·
for identifying reactive wastes. While there
are many inputs of energy that may cause a
waste to react or exhibit hazardous properties, there is no one stress that can cause all
reactive waste to do so. To compound the
problem, reactivity is not just a function of
the composition, temperature, and availability of initiating agents. It is also affected by
the mass and geometry of the waste. Thus,
the reactivity of a tested waste sample may
not necessarily correspond to the reactivity
of the waste as a whole.
Because reactive waste is dangerous to
the generator's own operations (as well as
being hazardous for long-term disposal), generators of reactive waste tend to be aware
that their waste has that characteristic. For
this reason, EPA considers the proposed descriptive definition an apequate identification method when it is used in conjunction
with the test methods identifying thermal
and shock instability.
• Toxicity. The toxicity characteristic is intended to identify waste which, if improperly disposed of, may release toxicants in sufficient quantity to pose a substantial hazard
to human health or the environment. The
RCRA definition of hazardous waste re-

quires EPA to judge the hazard posed by a
waste "when improperly treated, stored,
transported, or disposed of, or otherwise
managed." For waste containing toxic constituents, the hazard depends on two factors: the intrinsic hazard of the constituents
of the waste, and the release of the constituents to the environment under conditions
of improper management.
To assess the intrinsic hazard posed by
the constituents, a series of toxicity indicators were initially considered: acute and
chronic toxicity to humans, animals, and
plants: potential for bioaccumulation in tissue; oncogenicity; mutagenicity; and teratogenicity.
However, the toxicity definition proposed
December 18, 1978, has been limited as noted
earlier to include only toxicants for which National Interim Primary Drinking Water Standards (NIPDWS) have been developed.
To determine whether toxic constituents in
the waste might migrate in the disposal environment, a procedure has been developed to
measure the tendency of the constituents of a
waste to leak or leach out and become available
to the environment under poor management
conditions.
Numerous studies and reports indicate that
damage to ground- and surface water frequently
results from migration of toxic chemicals from a
disposal site. Groundwater contamination is a
particularly important concern because groundwater provides drinking water to almost onehalf of the population. In addition, once contaminated, an aquifer's usefulness as a source of
drinking water may be impaired for years. It
was thus decided tbat use of a groundwater contamination scenario to "model" improper disposal would be advisable. By selecting a groundwater contamination scenario, we did not mean
to imply that other vectors are not important.
However, we do feel that except in rare cases,
control levels set using tnis model will be sufficient to protect against other routes of contamination.
The model is based on wastes creating a problem through migration of chemicals out of the
disposal site and into a drinking water aquifer. I
want to emphasize that the contamination model has been developed for definitional purposes
only. It does not address particular disposal
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methods that might be used by the regulated
community.
The test scheme commonly referred to as the
extraction procedure (EP) has been devised to
meet the limited definition of toxic waste. The
EP coupled with a model scenario of leachate
transport related the concentrations of certain
toxic components found in the extract of the
waste to the EPA NIPDWS. Any waste whose
EP extract contains heavy metals or pesticides
controlled by the NIPDWS in a concentration
greater than 10 times the drinking water standard is considered a hazardous waste.
A waste that has any of the above characteristics is a hazardous waste by RCRA definition
whether or not that waste is listed. Consequently, use of characteristics in the hazardous
waste definition implies responsibility on the
part of waste generators to evaluate their
wastes for these characteristics (or to declare
their wastes hazardous) if there is any doubt
about the status of their waste.

• A list of some 275 substances, which, if disposed of in pure form or as a result of off.
specification production, would be hazardous.
There are approximately 175 specific wastes,
waste sources, and wastes .from certain processes that EPA has identified as hazardous
based on previous studies of industrial wastes,
damage cases, testing of wastes, and State hazardous waste program data.
There may be cases, however, wh~re a particular facility within a listed source or process
category believes that its waste is nonhazardous because the facility uses different raw materials than normal, or has made process modifications or provides onsite treatment prior to disposition. In such cases, the individual facility
can petition for exemption from the Subtitle C
control. program by submitting appropriate
waste-testing data and requesting a determination of noncoverage of Subtitle C for the facilities' waste.

Hazardous Waste Listings

Summary

The second way a waste can be brought into
the hazardous waste regulatory program is by
including that waste on a list. Actually, EPA
has developed four separate hazardous waste
lists including:
• A list of generic hazardous wastes common
to many different sources (i.e., electroplating wastes, paint wastes, etc.);
• A list of known sources of infectious wastes,
such as hospital wastes from the laboratories;
• A list of industrial processes known to produce hazardous waste, such as heavy ends or
distillation residues from carbon tetrachloride fractionation; and

In summary, EPA is required to define hazardous wastes using dual approaches of identifying general characteristics and listing specific
hazardous wastes. As regulation development
evolved, the Agency found it necessary to defer
proposing certain characteristics considered
earlier pending further study. At the same time,
EPA has added to and sharpened the focus of
the hazardous waste list. We believe the net
result of these changes will make it much easier
for waste handlers to determine whether they
are in or out of the Subtitle C regulatory program, and at the same time, focus the program
on those wastes of most concern.
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FACTORS CONSIDERED IN EFFLUENT LIMITATIONS
GUIDELINES DEVELOPMENT
John W. Lum
Effluent Guidelines Division,
U.S. Environmental Protection Agency, Washington, D.C.

Abstract

nology-based effluent limitations guidelines can
be divided into five discrete elements:
• Industry profile,
• Wastewater characterization,
• Selection of candidate treatment technologies,
• Cost analysis of candidate treatment options, and
• Subcategory review.
Information on the industry's current and
projected distribution is important because the
Agency must consider environmental impact
and national cost implication in writing the
guidelines. The type of data needed to define
the industry includes:
• Description of the process,
• Number and size of existing and projected
facilities using each of the processes,
• Geographical location and the type of coal
used,
• Economics of this industry and its competitive industries,
• Current or anticipated regulations the industry is or will be subjected to, and
• Stage of process development.
Reports prepared by EPA's Office of Research
and Development have provided much of the
needed information.
Data on wastewater characteristics are necessary to assess the degree of environmental
impact and applicability of treatment technology. The Agency must define the quality and
quantity of pollutants from aqueous effluents.
The effluents of concern include those which are
process- and nonprocess-related. Normally, EGD
conducts sampling and analytical studies at fullscale facilities whenever possible. Smaller units
can be sampled if full-scale facilities are not
available or accessible. In the past, EGD has
successfully cooperated with the regulated industries and anticipates that this industry will
be just as cooperative. The FWPCAA (Section
308) authorizes the Agency to obtain informa-

In the area of coal conversion, studies conducted by the U.S. Environmental Protection
Agency (EPA) have been directed primarily
through its Office of Research and Development
in Research Triangle Park. Information gene,..
ated has proven useful in regulation writing.
Most of the past studies were conducted in the
laboratory. Onsite studies to evaluate wastewater characteristics and wastewater treatment
technology applicab~lity are necessary and en·
couraged. In addition to waste characterization
and technology assessment, cost, industry profile, water quality criteria, nonwater quality·
related impacts, and other factors must be con·
sidered in regulation development.
The Federal Water Pollution Control Act (as
amended in 1977) required the establishment of
technology-based and industry-specific effluent
limitations guidelines for point source dischargers. The Effluent Guidelines Division
(EGD) of the U.S. Environmental Protection
Agency (EPA) has been delegated that responsibility. The Act does not specify the date when
guidelines must be promulgated for coal conversion facilities.
In the area of coal conversion, activities by
the Effluent Guidelines Division have been minimal. EGD has been relying on its Office of
Research and Development to gather fundamental information. When EGD actively pursues guideline development, it is unlikely that
all conversion processes will be addressed at
the same time. The low-Btu gasification processes will probably be the first group to be considered.
Because EGD does not have any active program in this area, the only subject I can address
at this time is the type of information that EGD
will consider in its regulation development. The
task of developing information to support tech537

tion necessary for regulation writing.
Analytical data of wastewater characteristics
from bench-scale .operation can be used in providing "order of magnitude" estimates of the
potential problem and determining the applicability of wastewater treatment technologies.
The Agency is required to assess the discharge
of the 129 toxics substances as well as conventional and nonconventional pollutants. The analytical method used must be able to quantify the
pollutants at parts-per-billion level. A lower
detection level is required because the water
quality criteria (proposed) for some of the
pollutants are quite low. Studies have been conducted by EP A's Office of Research and Development on wastewater characteristics. These
studies quantify the concentration of pollutants
that are present at the 1-mg/L level and above.
Some of the latter studies attempted to quantify
the 129 priority pollutants to lower levels. The
streams analyzed are primarily from benchscale process operations. Despite some of the
. excellent studies conducted by ORD, an additional data base will be required prior to regulation writing.
Once the pollutants discharged are defined,
the Agency must evaluate technology available
to reduce the level of discharge. The Agency
can require both end-of-pipe treatment and inplant water use modification. The first technology option to be considered will be complete
water recirculation and reuse. Other technology
options such as end-of-pipe treatment without
recirculation and best management practice requirements will also be considered. Alternative
technologies must be evaluated during guidelines development in terms of cost, energy con-

sumption, water requirement, water quality
criteria, effluent quality, pollutant reduction,
and impact on air and solid media.
Currently, ORD is conducting wastewater
treatment assessment programs on a benchscale basis. Once the information from these and
other programs becomes available, applicable
technology options may be determined. These
options should be tested in the pilot-plant scale
whenever possible.
Cost strongly affects the selection of treatment options. An economic impact assessment
will be per(ormed to determine whether the
cost would make the process economically unfeasible and the extent to which production cost
would be increased.
Effluent limitation guidelines are national
regulations. This does not mean that the effluent limitations will be the same for all the
coal conversion facilities. The Agency can promulgate different guidelines for plants with certain unique features (subcategorization). The
justification for subcategorization can be waste
characteristic, land availability, cost, and treatment technology applicability.
In summary, EGD must consider various factors in writing regulations. The work that has
been done to date is useful, but more studies are
needed to generate the information necessary
for regulation development. We may be at the
stage (at least for some of the coal conversion
processes) for EPA to interact directly with
DOE and perform studies at the site where the
processes are being developed. Use of information that represents real situations would be
beneficial to both the regulator and the
regulated.
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WATER REQUIREMENTS FOR SYNTHETIC FUELS PLANTS
Harris Gold* and David J. Goldstein
Water Purification Associates, Cambridge, Massachusetts

issue on which all sides agree, and that is the importance of water in the production of synthetic
fuels. Converting coal or shale to a synthetic
fuel is basically a hydrogenation process in
which water is the source of the hydrogen. The
weight ratio of carbon to hydrogen is higher for
the raw material than for the gaseous or liquid
synthetic fuel. In the conversion, sulfur and
nitrogen are reduced to produce a cleaner fuel,
and ash, oxygen, and nitrogen are reduced to
produce a product with a higher heating value
than the original coal or shale. Water is required to dissipate t.o the atmosphere the thermal energy not recovered in the process of converting the coal or shale to the synthetic fuel, to
mine and prepare the raw material, and to dispose of the spent ash and shale and any other
unwanted constituents removed in conversion.
Water is also required for fugitive dust control
within the plant, for sanitary and potable water
usage in the mine and the plant, and for reclamation of the disturbed land.
This paper deals specifically with water requirements for integrated mine-plant designs
for manufacturing gaseous, liquid, and solid synthetic fuels from coal and shale and how these
requirements are affected by the local cost and
availability of water. The work is based on a
report recently completed for the U.S. Department of Energy (DOE Contract No. EX-76-C-012445) and the U.S. Environmental Protection
Agency (EPA Contract No. 68-03-2207).1 The
range of water requirements for each conversion process- with no distinction made between
coal- and oil shale-bearing region - is summarized in Reference 2. In the present paper, particular emphasis is placed on determining the
water consumed for cooling because cooling is
often the largest consumer of water in a conversion plant. The results will be summarized by
conversion process and by coal- and oil shalebearing region.

Abstract
The water requirements for several synthetic
fuel technologies have been estimated at given
locations in the major coal- and oil shale-bearing
regions of the United States. The synthetic fuel
technologies examined include: coal gasification
to convert coal to pipeline gas (Lurgi, Synthane,
Hygas, and Bigas processes); coal liquefaction
t:o convert coal t:o low-sulfur fuel oil (Synthoil
process); coal refining to produce deashed lowsulfur solvent-refined (clean coal) (solvent refined coal process); and oil shale retorting t:o produce synthetic crude (Paraho Direct, Paraho Indirect, and TOSCO II processes). A total of 90
plant-site combinations were studied in the Appalachian, Illinois, Powder River, Fort Uni.on,
and Four Comers coal regions and in the Green
River oil shale region. Results are presented for
the total net water consumed by conversion process for each coal and oil shale region.
Particular emphasis has been placed on dete,..
mining the water consumed for cooling because
cooling is often the largest consumer of water in
a conversion plant. Three cooling options were
considered representing different degrees of wet
evaporative cooling for turbine condensers and
gas compressor interstage coolers. The cost and
availability of water determines the degree to
which wet or evaporative cooling should be used.
Estimates have been made of the cost of trans·
porting water from different sources to the con·
version plant in the Westem States to dete,..
mine the most suitable cooling option. The cri·
terion of water availability was used to dete,..
mine the most suitable cooling options in the
Eastem and Central States.
INTRODUCTION

Since the 1973 oil embargo, there has been
considerable debate in the United States concerning the role coal or oil shale will play in solving the energy problem. There is _one important

PROCESS AND SITE SELECTION

.. Speaker.·

The synthetic fuel technologies examined in-
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version processes.1The processes and products
chosen for comparison are shown in Table 1. Except for the commercially available Lurgi process, the proce11es chosen are representative of
those that have undergone extensive development and that are sufficiently described in the
available literature so detailed process calculations can be made. The products chosen are synthetic fuels; the production of chemicals from
coal or shale (e.g., ammonia or methanol) was
not considered. The specific designs given in
Reference 1 are baaed on standard-sized plants
with the given product output.
A large number of site and proce11 criteria
combinations were studied to obtain meaningful
assessments on a regional and national level
from detailed local results. For coal conversion,
the process criteria have been defined based on
the quality of the foul condensate recovered
after gasification or liquefaction. Lowtemperature gasifiers (e.g., Lurgi and Synthane)
give a very dirty process condensate (typical
values for bituminous coals: BOD - 10,000 mg/L,
phenol - 8,000 mg/L, and ammonia - 4,500
mg/L), while high-temperature gasifiers (e.g.,

elude: coal gasification to convert coal to pipeline gas; coal liquefaction to convert coal to lowsulfur fuel oil; coal refining to produce a deashed, low-sulfur solvent-refined (clean) coal;
and oil shale retorting to produce synthetic
crude. A number of processes were chosen for
each conversion. Detailed conceptual designs
for integrated mine-plant complexes were made
for each of the representative conversion processes.1 The processes and products chosen for
comparison are shown in Table 1. Except for the
commercially available Lurgi process, the processes chosen are representative of those that
have undergone extensive development and that
are sufficiently described in the available literature so detailed process calculations can be
made. The products chosen are synthetic fuels;
the production of chemicals from coal or shale
(e.g., ammonia or methanol) was not considered.
The specific designs given in Reference 1 are
based on standard-sized plants with the given
product output. A number of processes were
chosen for each conversion. Detailed conceptual
designs (pr integrated mine-plant complexes
were made for each of the r~resentative con-

TABLE 1. PRODUCT FUEL OUTPUT OF STANDARD-SIZED SYNTHETIC FUEL PLANTS

Product
Heating Value

Technology and
Conversion Process

Product

Coal Gasification

Pipeline Gas

Output
250xl0

6

scf/day

(10

11

Btu/day)
2.4

Lurgi
Syn thane
Hy gas
Bigas
Coal Liquefaction

Fuel Oil

50,000 barrels/day

3.1

Solvent Refined
Coal

10,000 tons/day

3.2

Synthetic Crude

50,000 barrels/day

2.9

Synthoil
Coal Refining
SRC
Oil Shale
Paraho Direct
Paraho Indirect
TOSCO II
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Koppers-Totzek and Bigas), give a relatively
clean condensate (typical values: ammonia 4,500 mg/L, BOD and phenol - small). The Hygas gasifier, which is an intermediate temperature gasifier, gives a process condensate of intermediate quality. Both the solvent refined
coal (SRC) and Synthoil processes have the
foulest condensates. For oil shale conversion,
the degree of water management depends on
the type of retort used. For direct-heated
retorting processes (e.g., Paraho Direct) most of
the water is recovered. However, for indirectheated processes, (e.g., Paraho Indirect and
TOSCO II) the water in the combustion products is generally lost up the furnace stack and
not recovered.
As for site criteria, brackish groundwater
would have to considered an important conjunctive supply to surface waters in the West, while
surface waters are considered primarily in the
East. Eastern and Central States have humid
climates, while climates in the West are arid
and semiarid. Eastern and central coals are both
underground- and surface-mined, while western
coals are primarily surface-mined. In the West,
underground mining followed by surface retorting of oil shale has been investigated extensively. In-situ retorting was not considered in the
present study because it is still under development and cannot yet be considered commercial, although it could drastically reduce the
water consumption.
Site selection was based primarily on the
availability of coal and oil shale, the rank of coal
or oil shale, the type of mining (underground or
surface) and the availability of surface water
and groundwater. The coal mining regions chosen were those where the largest and most easily mined deposits are located. In the West,
these include the Powder River and Fort Union
regions in Montana, Wyoming, and North
Dakota, and the Four Corners region in New
Mexico. In the Central and Eastern regions, the
Illinois and Appalachian coal basins were
selected. Western coals are principally lowsulfur subbituminous and lignite, while eastern
and central coals are mainly high-sulfur bituminous. Only high-grade shale from the Green
River Formation was considered. Specific
design examples were restricted to shales with
yields of about 30 to 35 gal per ton (0.13 to 0.15
m8tmetric ton), as might be found in Colorado or
Utah. A total of 90 plant-site combinations are

listed in Table 2 for the Eastern and Central
States and in Table 3 for the Western States.
The locations of these sites with respect to the
major energy reserves and the primary water
resources characteristics are shown in Figures
1 and 2. The maps show more sites than the ones
given in the tables. Primary sites correspond to
sites listed in Tables 2 and 3, and secondary
sites were selected to provide a larger study
area for water availability.
WATER REQUIREMENTS
Estimates of water consumption are net; all
effluent streams are assumed to be recycled or
reused within the·mine or plant after necessary
treatment. These streams include the organically contaminated waters generated in the conversion process, which are unfit for disposal
without treatment, and the highly saline water
blown down from evaporative cooling systems.
Water is only released to evaporation ponds as
a method of salt disposal. These wastes may
also be disposed of with the coal ash if the problems of runoff and groundwater contamination
are adequately handled in an economic manner.
The rest of the water consumed leaves the plant
as vapor, as bonded hydrogen after hydrogenation, or as occluded water in the solid residues.
Dirty water is cleaned, but only for reuse and
not for return to a receiving water.
Conversion can never be fully efficient in any
real process. All of the available energy of the
coal or shale cannot be fully recovered in the
synthetic fuel, and the unrecovered thermal
energy must be dissipated to the atmosphere.
Some of the unrecovered heat is lost directly to
the atmosphere; e.g., in hot flue gases and in
coal drying. The remainder of the unrecovered
heat is dissipated either through wet cooling or
dry cooling, depending on economic considerations. In general, the quantity of water evaporated in cooling is the prime determinant to
the total quantity of water consumed in a plant.
There are four principal types of cooling loads
in any synthetic fuel plant: process streams, gas
purification,. turbine condensers, and gas compressors. As shown,3 the most economical procedure for process streams is to cool them to
about 130° F to 140° F with an air cooler and to
cool below these temperatures by using a wet
system. The acid•gas removal regeneration condenser can be economically dry cooled at all
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TABLE 2. PLANT-51TE COMBINATIONS FOR EASTERN AND CENTRAL STATES
Water source
State
Al•'*-

llU.noia

Indiana

lltentuclly

Clhio

._aybwtia

County

Alabma ..
!mlbi9bH ll.

Jaff•r1Caran90

.........

x
x

•

Minilll)

u
s
u
u
u

&MU.,
st. Clair
White
1111raa11
Fill ton
St. Clair
saJ.in•

Clhio L
Ciaio JI.
Clhlo L
lllinoia Jl.

Gibeon
"190
SulU.•an
warrlclt

White ..
White ..
«lllo ll.
Clhio ..

u

Floyd
Harlan
lluhlanbe1'9
Pllta

Clhlo JI.
Clhio L
Gnen ..
«llio ll.

u

Galli.a
'l'laacara-•
Jef feraon

Clhio ll.
lluakU..- ••

u

x

Clb1o JI.
Clhio L

_tro...,

_

lcmerHt
. .at Vi1'9inia

~

Surface

.....

Fayette

s
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TABLE 3. COAL AND OIL SHALE CONVERSION PLANT-SITE COMBINATIONS
FOR WESTERN STATES
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Figure 2.

Site locatlona and the coat of transporting water In Western Statea.
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plants when the hot potassium carbonate process is used and 90 percent dry-10 percent wet
cooled when a physical solvent process is used.8
The gas purification system chosen by the original designers and assigned to each process is
somewhat arbitrary and has little effect on
cumulative water consumption.
The cooling of steam turbine condensers and
of gas compressor interstage coolers depends
on the cost and availability of water and, therefore, on the site. Three cooling options were considered representing different kinds of wet
evaporative cooling for turbine condensers and
gas-compressor interstage coolers (Table 4). The
cooling option determines whether turbine condensers are all wet cooled, whether parallel wet
and dry condensers are used, and whether gas
compressor interstage coolers are all wet cooled
or whether series dry and wet coolers are used.
The decision depends in part on the economies
of cooling.
Figure 3 shows the cost of steam turbine condenser cooling in Farmington, New Mexico. It is
clear that there is a cost of water above which it
is economical to use parallel wet/dry condensers. This cost is approximately $0.20/1,000 gal.
The load on the wet cooler is about 10 percent of
the case for all wet cooling. Figure 4 shows the
effect of cost on water consumption for cooling
turbine condensers at two sites in the East and
two sites in the West.
Figure 5 shows the effect of cost on water
consumption for interstage cooling when 1,000
lb of air is compressed. When the price of water
exceeds about $1.50/1,000 gal, the use of series
dry /wet interstage cooling is the least expen-
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Figure 3. Cost of steam turbine condenser
cooling In Farmington,
New Mexico.

sive option. The fraction of the cooling load to be
carried by the dry cooler varies significantly
with the cost of water. The effect of the cost of
water is more gradual than was found from the
calculations on turbine condensers. Above a
cost of $1.50/1,000 gal, approximately 50 percent
wet to 50 percent dry cooling should be used.
Where water is plentiful and inexpensive to
transport, high wet cooling should be uaed. The
cooling loads on both the turbine condensers

TABLE 4. THREE COOLING OPTIONS FOR CONVERSION PLANTS

Cooling
Option
High
Intermediate
Minimum
Practical.

water
Availabilit:::i

\ Turbine
Condenser
Cooling Load
Wet Cooled

Compressor
' Gas
Interstage
Cooling Load

<0.20

Plentiful
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100

o. 20-1. so

Marginally
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Water Cost
and/or
($i::'.lOOO ~als)

>.l.50

Scarce
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Figure 4. The effect of water cost on
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Figure 6. The effect of water coat on
water consumed for Interstage
cooling when compreulng
1,000 lb air.

and interstage coolers are taken to be all wet
cooled. When water is marginally available or
moderately expensive to transport, intermediate cooling should be used. Intermediate cooling assumes that wet cooling handles 10 percent
of the cooling load on the turbine condensers
and all of the load on the interstage coolers.
Where water is scarce and expensive, minimum
practical cooling should be used. Minimum practical cooling assumes that wet cooling handles
10 percent of the cooling load on the turbine condensers and 50 percent of the load on the interstage coolers. The amount of unrecovered heat
dissipated by wet cooling varies from SS percent for the Synthane process for high wet cooling, to 18 percent for intermediate cooling, to 15
percent for minimum practical cooling. The high
value of 33 percent falls within the range of
Lurgi design data. The El Paso design' indicates
that 86 percent of the unrecovered heat is dissipated by evaporative cooling, while the Wesco
design 5 indicates 26 percent dissipation.

Besides cooling, water consumption estimates include process water requirements,
water required for mining and preparation of
the coal and shale, and for the disposal of ash or
spent shale, which is a function of location
through the amount of material that must be
mined or disposed. Sulfur removal also consumes water: the amount depends not only on
the coal but also on the conversion proce11.
Water is also essential for other purposes (e.g.,
land reclamation) dependent on climate. Generally, because any one requirement is not
large, its needs can be met with lower quality
water. Nevertheless, when the requirements
are combined, they are significant and cannot be
neglected in any plant water balance, although
general rules for the amount consumed are not
easily stated. Differences in consumption in this
category for a given coal conversion process,
however, do not vary by more than 15 percent
between regions, except for the Four Corners
region. The difference is greater when this
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region is compared with others because larger
amounts of water are needed for handling the
high-ash Navajo coal and for dust control and
revegetation.

(i.e., net water is produced in the process), the
cooling water requirem~nts can be obtained
from Figures 6, 7, and 8 by adding the absolute
value of the process water to the cooling water
component.
Except for the Hygas process, the net water
consumed for the Four Corners region is higher
than for the other regions because of the larger
amount of water needed for .dust control and the
handling of ash for the high-ash Navajo, New
Mexico coal. Water is required for revegetation
in New Mexico because the rainfall is less than
10 in/yr but is not required at any other location.
For the Hygas process, there are many competing demands that make the above generaliz~tion invalid.
··
In the Illinois coal region, the average water
requirements for coal gasification are relatively
independent of the particular conversion process, with the variation being no more than 15
percent for the high and intermediate wet-cooling options and no more than 25 percent for the
minimum practical wet-cooling option. More
water is required for coal gasification than for
coal liquefaction which, in turn, requires more
water than coal refining. The water requirements range from a low of 9 gal/106 Btu to a high
of 28 gal/106 Btu, greater by inore than a factor
of 3. In the Appalachian coal region, water requirements (normalized with respect to the
heating value of the product fuel) for coal gasifi·
cation are greater than the requirements for
coal liquefaction for plants using bituminous
coal. For plants using lignite coal, water requirements for coal gasification are slightly
lower than for coal refining. In the latter case,
this can be attributed to the high moisture con·
tent of the lignite coals and the very large quantities of process water produced in the Lurgi
process. The Lurgi process accepts wet coal,
and the large quantities of dirty condensate produced are treated for reuse (at a cost) and are
subtracted from the process requirement. It
should also be pointed out that the net water
consumed in the Synthane, Hygas, and Synthoil
processes is virtually identical in both the 11·
llnois and Appalachian coal regions for bituminous coals. However, the net water consumed in
the SRC process is higher for lignite coals than
for bituminous coals because of the lower conversion efficiency attributed to the larger quantity of energy required for drying the higher

REGIONAL RESULTS

Table 5 summarizes the total net water consumed for the three different cooling systems
and for all of the conversion technologies and
processes studied. The ranges in the total water
consumed refiect the variation with site. For oil
shale only intermediate cooling was considered.
The water requirements for standard-sized
plants range from 4 to 7 x 106 gal/d for coal gasification and clean coal and from 3 to 6 x
106 gal/d for coal liquefaction: the range of net
water consumed for oil shale conversion is 5 to
8 x 106 gal/d.
To explain the similarities and differences in
net water consumed between the conversion
technologies, it is necessary to examine the
totals on a regional basis (Tables 6 and 7). For a
limited number of process-region-coal rank combinations not covered in this study, the results
given in Reference 6 have been used. It should
be noted that a larger percentage of the unrecovered heat in the Lurgi process is dissipated
by wet cooling iii Reference 6 as compared to
the present study, while for the SRC process
the overall conversion efficiency is lower in the
present study than that assumed in Reference 6,
resulting in larger wet cooling loads. However,
the data of Reference 6 present a useful data
base for the present study. Figures 6, 7, and 8
show a breakdown of the average net water consumption by region and by process and for the
three cooling options. Four water use categories
are presented for each coal conversion process
in each region: net process water based on reuse
of all condensate; cooling water; flue gas desulfurization water, if necessary; and water for
mining, dust control, solids disposal, water
treatment, revegetation, and other uses. For oil
shale it is convenient to break down the water
use categories in a different way to reflect the
large quantities of water required for spent
shale disposal: net process water for retorting
and upgrading; cooling water; water for spent
shale disposal and revegetation; and water for
dust control, mining, and other uses. For the
cases where the net process water is negative
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TABLE 5. SUMMARY OF NET WATER CONSUMED FOR STANDARD-SIZED
SYNTHETIC FUEL PLANTS

Total Water Consumed (10
High Wet
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TABLE 6. REGIONAL SUMMARY OF NET WATER CONSUMED IN 1o& gal/d FOR
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moisture lignite coals prior to dissolution. The
slight difference in the results for the Hygas
process is caused by different process water requirements for lignite and bituminous coals.
For each of the three basin-coal combinations
in the West, the net water requirements are
largest for coal gasification, followed in turn by
coal liquefaction, and coal refining (see Figure 7).
The larger requirement for the Four Corners re·
gion is attributed to the high-ash Navajo, New
Mexico coal. In the Powder River and Fort
Union coal regions the average wet water requirements for the Lurgi, Hygas, and Bigas
processes are virtually identical for lignite and
subbituminous coals. The differences in the SRC
water requirements between the lignite and
subbituminous coals are attributed to the large
difference between the moisture content ~f the
two coals •
• The net water requirements for the Syntboil

and oil shale plants can be compared because
the products are roughly the same. The water
consumed in the Synthoil and Paraho Direct
proceaaes is about equal. However, the water
consumed in the two indirect-heated oil shale
processes is 60 percent higher mainly because
of larger requirements for spent shale disposal
and revegetation.
Differences in water consumption between
the Illinois coal region and the Powder River
and Fort Union regions for subbituminous coals
for a given coal conversion proce11 are relatively small- no more than 15 percent with the absolute difference being no more than 2.5 gal/101
Btu. However, for lignite coals, differences ~
tween the Appalachian coal region and the Pow·
der River and Fort Union regions are much
larger, the maximum being about 6 gal/101 Btu
for the Lurgi proce11 and 4 gal/108 for the SRO
proce11, with the Lurgi water requirements
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being smaller in the Appalachian region and the
SRC requirements being smaller in the Powder
River and Fort Union regions.
In a particular coal-bearing region, differences in the water requirements for the four
coal gasification processes that we have considered are principally caused by differences in the
process water requirement and the differences
in the estimated overall efficiency resulting in
different cooling water requirements.

shows the cost of transporting water to all sites
for low water demand~ The cost of water determines the degree to which wet cooling should be
used. If water costs less than $0.25/1,000 gal, a
high degree of wet cooling should be used; if it
costs more than $1.50/1,000 gal, a minimum degree of wet cooling should be used. In between
these extremes, intermediate wet cooling
should be used. Figure 2 shows that except for
plants located near the mainstem of major
rivers or near large reservoirs, intermediate or
minimum practical wet cooling is desirable for
most of the sites in the Western study area.
For large-scale synthetic fuel production, it is
more economical to have a large single pipeline
built to transport water to a large number of
plants than to have a large number of individual
pipelines supplying individual plants. Figure 9
shows the cost of transporting large quantities
of water (for high water demand) to some of the
major coal-producing areas and indicates that
except for large-scale development near the
mainstem of major rivers, intermediate cooling
is desirable for most of the study region.
The criterion of water availability is used to
determine the most suitable cooling option in
the Eastern and Central States. In this region
the adequacy of the water supply was assessed
by comparing a typical plant use with expected
low flows in the stream.1 In the Appalachian
coal region where coal is available, there are
many large rivers contiguous or adjacent to
sites with sufficient and reliable supplies of
water to support one or more large mine-plant
coal conversion complexes. This applies to all
plant sites in the vicinity of the Ohio, Allegheny,
Tennessee, Tombigbee, and Kanawha-New
Rivers. In most of these instances present
water use data and future demand projections
indicate a significant surplus beyond expected
use, even under low flow conditions.
The surface water supplies are less reliable in
the smaller streams, away from the major rivers. Regions generally found to have limited
water supplies for energy development include:
the upper reaches of the Cumberland and Kentucky Rivers in eastern Kentucky; the eastern
Kentucky and adjacent West Virginia coal regions in the Big Sandy River Basin: and northern West Virginia and western Pennsylvania in
the Monongahela River Basin, except those
areas that can be supplied from the Allegheny,
Ohio, or Susquehanna Rivers. Under future con-

WATER AVAILABILITY AND COSTS
Two limiting cases were examined with
respect to water availability in the West: low
water demand and high water demand. 1 Low
water demand corresponds to the production of
approximately 1.0 x 106 bbl/d of synthetic
crude, or its equivalent in other fuels. For high
water demand, 1 x 106 bbl/d of synthetic crude,
or its equivalent in other fuels of 5.8 x 1012
Btu/d, were produced in each of the three principal coal-bearing regions (Fort Union, Powder
River, and Four Corners) and in the principal oil
shale region (Green River Formation), for a total
production of 4 x 106 bbl/d.
Low water demand can be accommodated hy
available supplies in most of the hydrologic regions. However, chronic water shortages do
exist, especially in the northern Wyoming area
of the Powder River coal region and the
Tongue-Rosebud drainage area in the Fort
Union coal region. In the Four Corners-San
Juan region in northwestern New Mexico and
the Belle-Fourche-Cheyenne basin in northeast
Wyoming, water demands are excessive. For
high water demand, projected loads cannot be
accommodated by available supplies in most
subregions. Only in the Yellowstone, Upper
Missouri, Lower Green, and Upper Colorado
mainstem basins does it appear that sufficient
supplies are available for the expected loads of
energy production. However, water availability
in the Upper Colorado River Basin may be
limited because the water rights to most of the
free-flowing water in the Basin are already
allocated. These rights would have to be transferred to support additional energy development or water transferred by transbasin diversion.
Estimates have been made of the cost of
transporting water to the point of use from major interstate rivers and riverways. Figure 2
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Figure 9. Coat of transporting water to coal regions in the Westem States.
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ditions a minor surplus will exist for the
Tuscarawas River in Ohio. In these water-limited areas, ·extreme low flows are practically
zero, and a coal conversion complex could easily
represent a significant portion of the seasonal
low flow. In order for a plant to be sited here an
alternative or supplemental supply must be assured. Figure 1 shows the availability of water
in the Appalachian coal region.
Within the Illinois coal region, the Ohio and
Mississippi Rivers have sufficient and reliable
water supplies to support one or more large
mine-plant coal conversion complexes. The
lower section of the Kaskaskia, Illinois, and
Wabash Rivers in Illinois; the Wabash and
White Rivers in Indiana; and the Green River in
Kentucky also have reliable supplies. Under future conditions, deficit supplies are indicated
for the Wabash River in Illinois. 1 Figure1 shows
the availability of water in the Illinois coal region.
For each process, the average· water consumed is relatively insensitive to the coalbearing region, and variations for a given cooling option from site to site within the region are
expected to be small for all of the processes except for possibly the SRC process, as discussed
above. However, within a given region, water
availability and cost may vary, and different
cooling options at different sites will produce
large differences in the cooling water consumed
and the plant water requirements.
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Ab1tract

of industrially usefu] chemicals. The U.S. Environmental Protection Agency has initiated a
comprehensive assessment program to anticipate potential environmental problems in the
coal conversion industry, to help evaluate and
develop suitable control measures, and to build
the data bases needed for establishing appropriate regulations.
This paper reviews the technologies currently used by two large fossil fuel industries to
identify those environmental control processes
that may be applicable to the coal conversion industry. The petroleum refining and coke oven
industries both have extensive experience in developing pollution control strategies and are
continuing to improve their control techniques
to meet even more demanding regulations.
Those refinery streams having compositions (or
components) which have similarities in coal conversion processes have been examined, and the
applicability of the control technology has been
evaluated. Only the recovery type of coke oven
pJant was studied here. This so-called "by-product" plant has several process streams with
components and compositions similar to those
expected in the coal conversion industry. The
by-product coke oven industries have developed
severa] control strategies that appear to be
useful in the coal conversion industry. Both the
petroleum refining and coke oven industries
face similar problems, and both have shared in
the development of control technologies.
Several se]ected conversion processes have
been scrutinized for the applicability of petro]eum refinery or by-product coke oven process/efnuent control technologies. These processes are the Koppers-Totzek low/medium-Btu
gasification, the Lurgi (dry ash) high Btu gasification, and the COED (Char-Oil-Energy Development) liquefaction processes. Some comparison was made to the Synthane gasification
process and the solid-product Solvent-Refined
Coal (SRC-1) process. SRC-1 is a specialized

TMNI a1W similarities between many of the
proce11 and waate streams of the petroleum
refining and coke oven industrks, particularly
tM latter, and 1trtams in the coal conversion in·
dustry. The weU established environmental and
proce11 control technologie1 of petroleum refin·
ing and coke oven industries ha.ue been revt.wed. The process/waste streams from several
cool conversion proce11es were characterized
and streams with refinery and coke oven counterparts were identified. The control technologie1 currently used in refining and coke oven
industries for the management of the identified
stream• we1'f evaluated for their applicability to
the counterpart coal conversion streams.
For many of t!i. major controll needed (e.g.,
thsulfurization, fugitive emiuions, and wastewater treatment), the currwnt induaD-ial practice
seem• adequate for the coal converaion indus·
try. Significant compoaition differences prevail
amo"I the comparable strnms, however, and
additional te1ting and thvelopment of pollution
control stra.tegie1 for the coal conversion indua·
trks are indicated.
Based on current technology, primarily derived from petroleum refining and coke oven in·
dustrlal practice, the evolution of the technology Mect.d to operate a coal conversion facility
in an environmentally 1afe manner appears pos·
1ibZ.. Cost analyses have not been made he,.,,
but they are eJ&pected to be significant.

INTRODUCTION
A major effort has been mounted by government and private industry to develop the techno]ogy necessary to increase the Country's capability to become less dependent on foreign
sources of energy. A significant part of this effort is directed at conversion of coal to gaseous
and liquid energy sources (fuels), and to sources
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mercial-sized plants; nevertheless, they give
certain clues upon which some generalizations
may be made. Relatively much data are available for many refinery waste streams. Figure 2
is a highly schematic flow diagram for a petroleum refinery.
Based on the review of the available data and
from a control technology applicability viewpoint, a limited number of refinery and coal con·
version process/waste streams appear to have
certain similar characteristics. These streams
and the basis for their similarities are listed in
Table 1. Despite the noted similarities, there appears to be significant composition differences
between the analogous streams which would affect applicability and design of a control technol, ogy. For example, while both the refinery process sour gases and the quenched product gas
from coal gasification contain H2S and C02, the
H2S concentration is considerably higher and
the C02 level is significantly lower in most
refinery sour gases. Even when selective ~
removal processes are used, the treatment of
the coal conversion raw product gas results in
production of a concentrated acid gas stream
with C02 levels much higher than those in refinery sour gases. High C02 levels significantly affect the efficiency and cost of operating subsequent equipment used to remove sulfur. Unlike
sour waters from refineries which contain high
levels of both sulfides and ammonia, most coal
conversion condensates contain low levels of
sulfide and moderate levels of ammonia. Because of the differences in the nature of the raw
material and the processing steps employed, the
dissolved and particulate organics found in coal
conversion wastes are different than those in refinery wastewaters. The organics in coal conversion wastes are generally more aromatic; organics in refineries are largely aliphatic. The
differences in wastewater characteristics also
are reflected in the characteristics of oily
sludges and biosludges resulting from wastewater treatment. In comparing coal conversion
waste streams with their analogues in refineries, it should be noted that there can be wide
differences between stream compositions from
different coal conversion plants depending on
the coal processed, conversion proce11 used, and
on-site product upgrading methods employed.
The refinery control technologies which may·
find application to coal conversion are listed in
Table 2. Some of the control processes, such as

process whose primary purpose is deashing of
coal, rather than forming coal-derived liquids or
gases. Selected processes represent a range of
operating conditions, typify processes with
more data available on waste stream characteristics, and have commercial status impending or
already realized. Figure 1 is a generalized flow
diagram for both liquefaction and gasification of
coal. Normally only one of the paths from coal to
product would be followed depending on
whether the major product was a gas or a liquid.
Two primary references 1 2 were used in developing the material presented here. Both are
excellent reviews. The first pertains to the applicability of petroleum refinery control technologies to coal conversion. The second reviews
coke oven processes and control technologies
and assesses their applicability to the coal conversion industry.
No attempt has been made to consider all the
refinery or the coke oven industry control techniques. The coal conv~rsion industry suffers
from the disadvantage that urgency, technology, and design have outdistanced full-scale
plant experience. As a result, the control technology must be based on some uncertainty
coupled with the expectation that further development and even new techniques will be necessary as more data and experience become available.
REFINERY CONTROL TECHNOLOGY

A major obstacle to a detailed assessment of
the applicability of refinery control technologies
to coal conversion waste streams stems from
the nonexistence of commercial substitute natural gas (SNG) and liquefaction facilities in the
United States. Commercial gasification and liquefaction facilities operating in foreign countries do not generally incorporate those design
and operating features to minimize waste generation and to control discharges that would be
employed in a similar facility in this Country.
The coals used at the foreign facilities differ
from those available to commercial plants in the
United States; thus, the waste stream characteristics would also differ. The availability of
detailed data from· foreign commercial facilities
is not extensive, although some progress is
being made in this area.
Da-ta from -u ~s~-pilot-coa1-co-nversion facilities
are normally not completely applicable to com560
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TABLE 1. SIMILAR REFINERY AND COAL CONVERSION WASTE STREAMS

Coal Conversion Counterparts

Major Similarities

Process sour gas

Quenched product gas, acid 9as, and
fuel gas (from liquefaction)

High H?S and anmonia content;
presence of co2

Catalyst regenerator
off-gas

Raw product gas and char combustion flue gas

High CO and particulates, NOx, and N2

Fugitive emissions

Fugitive emissions

Hydrocarbons, sulfur compounds, and
ammonia

Sour waters

Raw product gas quench condensate,
waste liquor purge (from liquefaction), and shift condensate

AITITIOnia, sulfide, phenols, oils, and
grease/tars

Oily waters

Raw product gas quench condensate
and waste liquor purge (from
liquefaction)

Oil and grease/tar; phenols

Spent catalysts

Spent shift, methanation, hydrotreating, and Claus plant catalysts

Metals (Ni, Co, Mo, etc.), bauxite

Sludges

Oil and biosludges

Oil and grease/tar, inerts, biomass,
refractory organics

Refinery Streams
Gaseous

Liquid

Solid

TABLE 2. REFINERY CONTROL TECHNOLOGIES AND THEIR APPLICABILITY
TO COAL CONVERSION

Refinery Control Technology
Acid Gas Treatment
Diethanolamine (DEA),
Fluor Econamine,
D1isopropanolam1ne (ADIP),
etc.

Physical Solvents
Selexol,
Rectisol,
etc.

Sulfur Recovery
Claus

Stretford

Tail Gas Treatment
IFP-1 Sulfreen
1

SCOT, Beavon, and Cleanair

Applicability to Coal Conversion Waste Streams

Potentially suitable for non-selective removal of H S and CO from product gases from
atmospher1~/low pre~sure gasification/liquefaction. Also suitable for hydrocarbon removal from concentrated acid gases and for
concentrating dilute H2S streams for feeding
to Claus plant. Extensive solvent degradation may be encountered .in coal conversion
applications.
Potentially suitable for selective removal
of H2 S and CO from product gases. Best
suited to hig~ pressure application. The
resulting concentrated acid gas stream may
contain high levels of hydrocarbons, thus
requiring further treatment prior to sulfur
recovery.
Split-flow mode applicable to coal conversion acid gases containing more than 15%
H,s. Sulfur burning mode applicable to
feeds containing as low as 5% H S. Removal
of anmonia and hydrocarbons fro~ feed gases
would be required to prevent ammonium bicarbonate scaling and carbon deposition on
catalyst, respectively.
Most existing applications are to acid gases
containing low levels (around 1%} of H2S.
High C0 2 levels necessitate pH adjustment
and resalt in high blowdown rates. Relatively large unit sizes would be required
with high co 2 gases. Process does not
remove non-H 2s sulfur compounds.
Suitable for Claus plant tail gas treatment;
cannot achieve very low levels of total sulfur 1n the off-gas which may be required by
emission regulations. Efficiency decreases
with increasing co 2 level in the feed.
Sulfur removal efficiencies decrease and co 2
levels 1n tail gas increase when acid gases
contain high co2 levels.
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TABLE 2 (continued)

Refinery Control Technology
Tail Gas Treatment {cont.)
Ch1yoda Thoroughbred 101,
Wellman-Lord, IFP-2, and
Shell CuO
Fugitive Emissions and Odor
Control
Vapor recovery, incineration,
source elimination
Sour Water Stripping
Conventional Stripping and
Chevron Wastewater
Treatment Process
Oily water Treatment
......
API Separator and Flotation
Biological Wastewater Treatment
Carbon Adsorption and Chemical
Oxidation
Slop Oils and Sludge Treatment
(thickening, centrifugation,
emulsion breaking, drying beds)
In-Plant Waste Volume and
Strength Reduction
Resource Recovery
Incineration ·
Land Disposal

Applicability to Coal Conversion Waste Streams

Potentially suitable. Requires feed incineration to convert reduced sulfur to so 2.

Applicable to analogous sources.

Applicable to coal conversion sour waters.
The design must be modified to allow for the
lower sulfide and often higher a111T1onia
levels in c~al conversion sour waters.
Applicable; units must be designed based
on specific wastewater characteristics.
Generally applicable; biodegradability of
coal conversion waste components not
established.
Should be applicable; design basis must be
established for the specific wastewater.
Generally applicable; design basis must
be established for the specific waste.
Applicable.
Applicable to spent catalysts for material
recovery; sale of tars/oils
Applicable to organic wastes; incinerator
·and emission control designs would be feed
specific.
Applicable.
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sulfur recovery plant tail gas treatment, would
be applicable to waste streams in a coal conversion plant, and their design may be essentially
the same as in refinery applications. However,
as noted in Table 2 under Tail Gas Treatment,
with high C02 levels in the tail gas, as would be
expected in coal conversion applications, the efficiency is low for some of the processes (IPF-1,
Sulfreen, SCOT, Beavon, and Cleanair). Other
processes such as Stretford, Claus, and steam
stripping would require extensive modifications
to account for differences in waste compositions. Because of limited data on certain waste
characteristics (e.g., the biodegradability of
some aromatic organic compounds and the settleability of coal conversion solids in wastewaters) the applicability and efficiencies of processes such as bio-oxidation, flotation, sludge
dewatering, and emulsion breaking in coal conversion application cannot be accurately assessed at this time. With the exception of the few
processes that have been tested in- coal conversion applications, such as the Rectisol and the.
Fluor Econamine (diglycolamine [DGA]) acid gas
treatment processes and the Stretford tail gas
treatment process, the processes listed in
Table 2 have not been employed in such an application. For the processes that have been used
in coal conversion, only limited data are available on process design and performance. Even
though the processes listed in Table 2 appear
applicable to coal conversion wastes, additional
testing will be required to confirm applicability
and to define criteria for large-scale design and
cost estimation. It should be noted that the suitability of a control process for use in coal conversion plants cannot be determined separately
from other processes and waste treatment operations within an integrated coal conversion facility. The selection of a specific control process
is merely an element in the overall facility
waste management plan, which includes considerations of overall emission/effluent limitations, energy and raw material availability, and
costs.
Some of the components in refinery and coal
conversion wastes are important from the
standpoint of presenting potential occupational
health hazards to plant workers and adverse
health impacts on the general population. Several hazardous waste compounds (e.g., H2S, CO,
and mercaptans) are not unique to refinery or
coal conversion wastes and are emitted from a

variety of other industrial and nonindustrial
sources. The hazardous characteristics of many
of these commonplace substances are generally
well documented. The hazardous chemicals
which are unique to coal conversion and refineries fall into three categories: polynuclear
aromatics, heavy metals and organometallic
compounds, and low molecular weight aromatic
substances. Many of the control technologies
used in both refineries and coal conversion
plants should result in partial or total removal
of the hazardous waste components. The fate of
many of the hazardous components in pollution
control processes is not well known, and the requirements for additional controls cannot be
defined at this time.
COKE OVEN CONTROL TECHNOLOGY
Coke is produced by destructive distillationalso referred to as pyrolysis or carbonization of low-sulfur bituminous coal in an oven or retort in the absence of air. The coking temperature of about 1,100° C is generally higher than
most coal conversion pyrolysis and is conducted
in a reducing atmosphere in the coke oven as
contrasted to a more oxidizing atmosphere in
coal conversion units. The latter are generally
operated at a higher pressure than the coke
oven, which is essentially at atmospheric pressure. Coal used in coke making is usually a blend
of high-volatile coal with a 10 to 50 percent lowvolatile coal. The blend usually does not contain
over 1.5 percent sulfur or 9 percent ash. Approximately 16 percent of the bituminous coal
mined in the United States is converted to coke,
which is used principally in blast furnaces and
foundries. More thiln 98 percent of the total U.S.
coke is produced from by-product coke oven systems. The by-product process is oriented
toward the recovery of the gases and chemicals
produced during the coking cycle.
Figure 3 shows a typical by-product coke
oven process. The major steps or process units
involved in the by-product coke plant, in sequence, are: coal handling and preparation
equipment, coke ovens, quench stations, primary cooler, tar separator, tar extractor, ammonia removal unit, final cooler, light oil scrubber, and sulfur removal unit(s). In addition, some
modern coke plants have chemical refining facilities for recovery of benzene, toluene, and
xylene from the light coal oils.
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The core of the process is the coke ovens,
which are narrow chambers usually about 12 m
long, 5 m high, and tapering in width from about
50 cm at one end to 40 cm at the other. The
ovens hold about 18 Mg of coal each and are
built in batteries of about 100 ovens. Although
coke production from each oven is basically a
batch process, a coke oven plant operates such
that the battery of ovens continuously produces
coke oven gas and byproduct chemicals. In the
by-product coke oven process, coking is accomplished at temperatures of 1,090° to 1,150° C
and atmospheric pressure for a period of 16 to
27 hr.
One Mg of the low-sulfur bituminous coal fed
into a by-product coke oven would yield the following:

oven loading. Coke particulates in the unrecovered coke breeze caused by the coke handling
and quenching operations account for a major
share of the gaseous fugitive emissions. Solid
tar particulates are among the fugitive emissions from the tar separator, exhauster, and
electrostatic precipitator. Liquid H 2S04 mist
and solid ammonium sulfate particulates may be
generated in the ammonia removal steps. Solid
particulates may also be generated in the underfiring of the coke ovens by the clean coke oven
gas. Odors are among the fugitive emissions
from the coke ovens, coke handling and quenching operations, tar separators, ammonia removal, naphthalene removal, light oil recovery,
and desulfurization steps. Other specific major
sources of fugitive emissions include coal-charging hole lids, coke-pushing operations, and doorseal leaks. Additional sources include pumps,
compressors, valves, and flanges. Most of the
latter group are universal problems in facilities
where chemicals are processed. Diligence in
simple maintenance procedures can often
significantly reduce emissions from many of
these sources.
The coke breeze listed under the coke oven
solid waste streams is the solid coke fines that
are recovered during the quenching operation.
Table 4 presents data comparing gas streams
from a coke oven plant, a refinery, and two
gasification plants. Many similarities are apparent in the components present and in their
compositions. Differences, some of which are important from a process standpoint, can also be
seen. The hydrocarbon content of the refinery
process sour gas stream is much higher than
that of either the coke oven gas or the coal conversion gases. There is more hydrogen sulfide
in the refinery stream than in the other
streams. Note the bottom entry in the table, the
ratio of C0 2 to H2S in the streams. For the
refinery gas, the ratio is much lower than either
the coke oven gas or particularly the coal conversion streams. High C02'1f2S ratios in the latter make sulfur removal and recovery more difficult in the coal conversion processes.
A number of processes are being utilized to
remove hydrogen sulfide and recover sulfur
from coke oven gas. These processes are divided into three major categories: liquid absorption processes (Vacuum Carbonate, Sulfiban
[amine], Firma Carl Still)i wet oxidative processes (Stretford, Takahax, Giammarco Vetro-

kg
Coke
Coke breeze
Tar
Anhydrous ammonia
Light oil
Gas, 293 m3 (10,350 std ft 3)
Water

715
46.5

39.0

2.5
10.0
154.5
32.5

1,000

Coal gasification processes may be subdivided into low-, intermediate-, and high-temperature operations. These may be further subdivided by operating pressures. The low-temperature gasification processes tend to show a complete product and by-product slate, including
oils, tars, and phenols. As the gasification
temperature increases, the quantity of oils, tars,
and phenol decreases in preference to lighter
products. The operating pressure also affects
the yields. As the pressure increases, the product slate becomes heavier.
Table 3 is a comparative listing of coke oven
and coal conversion process and waste streams.
The gaseous streams listed in Table 8 include
the raw gas from the coke oven and from coal
conversion counterparts. Fugitive emissions are
listed under gaseous streams, but a significant
component in coke oven fugitive emissions results from airbor?e coal particles and coke. Fugitive emissions in the coal conversion process
are varied in composition and source. Gas-borne
solid particulates include coal from the coal pile
and coal particles airborne in such handling
proce11es as crushing, sizing, transporting, and
568

TABLE 3. COKE OVEN AND COAL CONVERSION STREAM SIMILARITIES

Coke Oven Streams
Gaseous
Raw gas and acid gas

Fugitive ewissions
Liquid
Armlonia liquor
quench water

Coal Conversion
Counterparts

Major Conman Pollutants
or Similarities

Raw gas and acid
gas from gasification, and off-gas
from liquefaction

H2S, NH3, CO, C0 2, COS,
CS2, and hydrocarbons. See
T~ble 4 for further details.

Fugitive emissions

Same as above, plus particulates. See Table 6 for some

detail.
Process wastewater

NH 3, phenols, oils, sulfides, and cyanides. See
Table 5 for some details.

Coal pile run-off

Coal pile run-off

Suspended solids and
organic extracts.

Coke breeze

Coal fines, chars

Similar by-products.

Oily solids and
biosludges

Oily solids and
biosludges

Oil, grease and tar,
biomass, and refractory
organics.

Tar, naphthalene,
light oil, phenol,
and anmonia

Tar, naphthalene,
light oil, phenol,
and anmonia

Similar by-products.

Solid

organic sulfur compounds from the gas stream.
The Claus sulfur recovery process is also used
but initially had some problems associated with
hydrogen cyanide, iron sulfide, and iron cyanide. These problems were resolved by adjusting the Claus unit. A Sulfiban unit removes both
C02 and H2S from the coke oven gas stream
utilizing a nonselective solvent. A Claus unit is
required to convert H2S to sulfur to recover the
sulfur.
The H2S removal or sulfur recovery efficiencies achievable for the processes in the coke
oven industry are: Iron-Oxide proce11, 99 percent (for low gas volumes); Vacuum Carbonate
proce11, 98 to 98 percent; Sulfiban process, 90 to

coke); and dry oxidative processes (Iron Oxide
or dry box). Historically, the Iron Oxide process
has been used most extensively. However, the
Vacuum Carbonate process, the Stretford process, and more recently, the Sulfiban process
have moved into commercial prominence. The
liquid adsorption processes are called sulfur
removal processes, in that they remove sulfur
compounds, notably H2S, COS, and CS2, from
gaseous streams. When the solvent is regenerated, generally a gaseous stream more concentrated in H2S results. The oxidative proce11es
described are sulfur recovery proce11ea in
which elemental sulfur is the product. The
Stretford proce11 does not remove COS or other
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TABLE 4. COMPARISON OF GASES

Component/Parameters

Ref1nery
Process
Sour Gases

Raw
Coke Oven
Gas
Vol %

Vol %

Gas1ficat1on
KoppersLurgi
Totzek
Vol %

Vol

%

H2

38.22

--

22.63

26.37

CH4

25.51

8.4

6.75

C2H4

2.99

5.2

0.23

---

--

--

--

11.65

51.79

4.9

16. 16

8.82

c3 to c6
co
co2

--

19

6.18

02

1.33
1.26

N2

0.452

NH 3

0.70

----

HCN

0.16

--

H2S ·

0.51

62.5

cos
cs 2

0.018
0.01

Light Oil

0.79

Tar 011

---

---

--

0.55

0.08

0.16

0.02

0.203

0.41

0.017

0.04

-0.14
0.11

--

11. 78

100.00

100.00

100.00

21.05

0.10

·-------- 1--------- ·----------------·
538
Temp., °C
188
48
Pressure, MPa

0.099

0.10

C02/H 2S

2.6

0.078
570

--

41.07

0.04

.

0.69

--

Phenol

---

100.00

0.18

0.05

0.78

Total

--

----

Tar

H20

--

3.10
79.6

~------

1,500
0.105
21.5

98 percent; Stretford process, 99.5 + percent
(for H2S only}; and Claus (sulfur recovery) process, 95 to 96 percent.
Among the acid gas removal processes in the
coke oven industry, the amine and carbonate
solvent processes should have application in
low-pressure gasification processes or in treating low-pressure off-gases from liquefaction
processes. The two most common sulfur recovery processes in the coke oven industry are the
Claus and Stretford processes. Both of these
processes will have wide application in the coal
conversion industry. Care must be taken to consider the effect of the C02 composition on both
the Claus and Stretford processes when used
for coal conversion applications having high C02
compositions. High C02 affects the stability of
the flame in the Claus reactor and also results in
higher COS concentrations in the tail gas from
the Claus unit. In the presence of NH 3, an ammonium bicarbonate can form that reduces the
performance of the Claus catalyst. C0 2
neutralizes the Stretford solution and reduces
the absorption rate of the H 2 S, thus
necessitating a higher solvent circulation rate
and larger units. For coal conversion applications, such as a gasification process having a
high hydrocarbon and C02 composition in the
acid gas stream, an enrichment step using an
amine process such as ADIP would probably be
effective. The enriched gas would be fed to a
Claus unit for sulfur recovery. Additional treatment of the tail gas from the Claus unit would
be required before discharge to the atmosphere.
Generally, the Stretford process is more
economical when the acid gas stream contains
le11 than 15 percent HaS, whereas the Claus
process is the choice for levels about 16 _percent.
- The wastewater characteristics of the different processes are compared in Table 6. All of
the major coke oven wastewater treatment
processes should have applications in coal conversion waste treatment. The process wastewaters from the by-product coke plants contain
large amounts of phenol, ammonia, sulfide, cyanide, and oil and grease. Various control technologies are being used to remove these pollutants.
Ammonia is being removed and recovered by
steam stripping at alkaline pH, or by Phosam- W, a proprietary (U.S. Steel) process that
uses an ammonium phosphate scrubbing solu-

tion and distillation in combination to produce
an anhydrous ammonia product. Sulfide removal fro~ wastewater by steam stripping is
not commonly practiced in the coke oven industry.
Phenols are being removed by solvent extraction, steam stripping and/or biological oxidation,
and carbon adsorption. Biological treatment has
been successful with coke oven wastewaters in
meeting existing phenol regulatory limitations.
Phenol removal efficiency of about 99.8 to 99.9
percent has been achieved by the activated
sludge system: BOD removal has ranged from
85 to 95 percent. Activated carbon adsorption as
a final polishing treatment has been practiced in
the coke oven industry. Carbon adsorption may
have applicability in coal conversion processes,
especially if char could be used as an activated
carbon.
Many coke oven plants recycle cyanide-containing wastewaters and use them for coke
quenching. There would be no counterpart
operation in coal conversion operations with the
poSBible exception o~ the ash quenching. In the
coal conversion in4ustry, levels of HCN are
generally lower than in the coke oven industry.
Some coke oven plants use a by-product light
oil upgrading process which has a potential application in the coal conversion industry. This
process, called the Litol process, has been
developed and licensed by the Houdry Division
of Air Products and Chemicals, Inc. It is a
catalytic process by which coke oven light oils
are refined and dealkylated to produce highquality, even reagent-grade benzene at essentially stoichiometric yields.
The coke ovens are a major source of air
pollution emissions in the steel industry. Topside coke oven workers have a substantially
higher risk of lung cancer than the average
worker, probably from carcinogenic materials
associated with the particulate fraction of the
coke oven emissions. Various schemes to control
these emissions and alleviate potentially ~d
verse health effects are being developed including collecting and removing the smoke, particulate matter, and gaseous emissions that occur
during the charging, coking cycle, and pushing
and ·coke-quenching operations. An enclosed
coke-pushing and quenching system is being
developed jointly by the EPA and the National
Steel Corporation. In this system, the coke will
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TABLE 5. COMPARISON OF PROCESS WASTEWATERS

Coke-Oven
Plant
Liquor

Syn thane

Lurgi

KoppersTotzek

SRC-I

mg/I

mg/l

mg/l

mg/I

mg/l

5,000

8, 100

11,200

25

5,600

Carbonate

--

6,000

10,000

1,200

Chloride

6,000

Constituent

Amnonia

Cyanide

50

500

--

--

--

600
0.7

Phenol

1,000

2,600

3,500

Sulfide

1,250

1,400

Thiocyanate

1,000

152

---

----------------- -----8.4
8.6
pH

COD, mg/1
Suspended Solids, mg/1

~-----

8.9

----

----

4,500

... -----

----

8.9

4,000

-8.0

10,000

15 ,000

12,500

70

15,000

4,000

600

5,000

50

300

remain totally enclosed, from the moment it
leaves the oven until after it is quenched. Emissions evolved during the push and transfer to
the quench station are drawn off and removed
by a high-energy scrubber. Another system,
developed by Koppers Company, is being tested
at the Ford Motor Company to abate coke oven
fugitive emissions. Principal ·features of this
system are a fume-collecting hood, a fume main,
a venturi scrubber, and a modified quench car
with a synchronization system for coordinating
the quench car's movement with that of the
pusher. The Air Pollution Control Association's
April 1979 conference on "Control of Air Emissions from Coke Plants" reflects the industry's
continuing efforts to improve the technology in
this area. These types of fugitive emission controls may have potential applications in the Synfuels industry in analogous situations: e.g., in

ash quenching or SRC solidification unit operations. A summary of the coke oven control
technology for fugitive emissions is shown in
Table 6. In general, the problem of fugitive
emissions is expected to be much less in a coal
conversion plant than in the coke oven industry.
Analogous operations, after the coal storage,
handling, and preparation steps, would be in
feeding the lockhoppers in the coal conversion
industry and charging the coke ovens. The aspiration systems, the closed charging systems,
and the "smokeless" charging systems used in
the coke oven industry would have applications
to the lockhopper charging operation in coal
conversion industry. Other possible applications
are indicated in Table 6.
Table 7 summarizes the various coke oven
control technologies that may have potential applications in the coal conversion industries.
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TABLE 6. COKE OVEN CONTROL OF RJG11NE EMISSIONS

Pollutants

Operation/Ellission Source
Charging

Discharging

Coal Particulates, SOx•
Hydrocarbons. co. NOx•
&Anloon1a

Coke Particulates.
Hydrocarbons. Annonia,

&co

Control Technology
Aspiration Systems
Larry-Mounted Scrubbers
Smokeless Charging System with
Steam Jets
Closed Charging Systems

Coal Conversion
Appl icab.11 ity
Applicable
N.A.
P.A.
Applicable

Bench-Mounted Self-Contained
Hoods
Coke Car - Mounted Hoods
Fixed Duct Hoods
Spray Systems
Coke-Side Enclosures

N.A.
P.A.
P.A.
N.A.

N.A.

Quenching

Coke Particulates. &
Coke Breeze

Internal Baffles
Dry Quenching
Closed Quenching

N.A.
P.A.
Applicable

Improved Operating
Procedures and
Maintenance

Particulates, Hydrocarbons. co. Alllnonia.
&NOX

Mechanical Lid Lifters
Electric Eye Synchronization
Oven and Door Maintenance

N.A.
N.A.
P.A.

N.A. - Not Applicable
P.A. - Possibly Applicable

TABLE 7. COKE OVEN PLANT CONTROL TECHNOLOGIES AND THEIR
APPLICABILITY TO COAL CONVERSION

Coke Oven Plant Control
Technology

Applicability to Coal Conversion
Sys terrs

Acid Gas Treatment
Amine solvents

Suitable for removal of H?S and CO? from
low pressure raw product and off gases.
Solvent degradation may be encountered.
Can produce high H2s concentration
streams.

Carbonate solvents
(e.g., Vacuum Carbonate
and Benfield}

Same as above. Processes partially remove
carbonyl sulfide and cyanides. Benfield
process suitable for high pressure
application.

Sulfur Recovery
Stretford

Suitable for low H s (less than 15%)
containing gases. 2Organic sulfur not
removed. High co 2 levels require large
units.

Claus

Applicable for high H2s (greater than
15%) containing gases. Removal of high
levels of cyanide, arrmoni.a, and hydrocarbons will be required.

Fugitive Emissions Control
Coal handling and loading

Potentially suitable.

Enclosed coke pushing
and quenching system

Potentially suitable for ash quenching,
SRC solidification applications.

Fume recovery and
scrubbing

Applicable to analogous sources.

I

By-product Recovery/Refining
Ammonia from wastewater
(Stripping, Phosam - W)

Suitable for sour waters.

Ammonia from raw gases
(Scrubbing, Phosam - W)

Applicable for low pressure gas
purification.

Phenol from wastewater
(Solvent extraction)

Suitable for process wastewater
containing 1 ,000 mg/1 or more phenol.
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TABLE 7 (continued)

Coke Oven Plant Control
Technology

Applicability to Coal Conversion
Systems

Tar. naphthalene. and light
oil from raw gases

Suitable. but design must be modified
for different pressures, temperatures,
and compositions.

Light oil refining
(e.g •• Litol process
and solvent extraction)

Suitable for recovery of benzene. toluene,
and xylene (BTX) from coal derived naphthas.

Wastewater Treatment Technology
Biological oxidation;
carbon adsorption;
amnonia, phenol, and
oil removal processes

Generally applicable; design basis
must be established for the specific
waste.

Most of the control technologies listed in Table
7 have been tested in coal conversion applications: however, most of these applications have
been in process development units or pilot-scale
coal gasification and liquefaction systems. A few
successful uses have been with commercial fll'stgeneration coal gasification processes: e.g., the
Lurgi process. Applicability of the control technologies does not mean that the control technology can be duplicated from the coke oven design
to the coal conversion application. In general,
the composition, flow rate, temperature, and
pressure of the specific coal conversion system
wastes will not be identical to the coke oven
case. These differences, however, must be taken
into consideration during the design of the specific controls. Design information or scale-up
factors in comparison to coke oven application
should be developed through laboratory or.
pilot-scale testing with actual coal conversion
wastes to determine the system design and to
develop its costs.
The health effects of coke oven emissions
were recently assessed.8 The summary findings
are:
• Exposure to coke oven emissions provides
an elevated risk for cancer and nonmalignant respiratory diseases to coke oven
workers and an increased risk among lightly

exposed workers (nonoven workers in the
coke plant).
• The general population, which includes the
young, the old, and the infirm in the vicinity
of a coke oven plant, should be considered
more susceptible than the workers, especially for development of chronic bronchitis.
• Lightly exposed workers are exposed to
emissions about 100 times more concentrated than the people living in the immediate vicinity of a coke plant. Since the people living in the immediate vicinity of a coke
plant experienced an elevated risk for cancer and nonmalignant respiratory disease, it
is reasonable to assume that levels as high
as 1 percent of those to which lightly exposed workers are subjected could cause an
increased risk to the general population.
• Coke oven emissions contain an array of
identified carcinogens, irritants, particulate
matter, trace elements, and other chemicals.
The toxic effects observed in both humans
and animals are greater than the effects that
can be attributed to any individual component. Thus, "coke oven emissions" as a
whole should be considered the toxic agent.
Since coke oven and coal conversion systems
have many of the same hazardous waste components, such as H~. CO, C02, hydrocarbons, and
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would positively impact on the coal conversion
industry.
Wastewater treatment involving biological
action appears to. be useful in coal conversion,
but the biodegradability of coal conversion
waste components has not been established.
Carbon adsorption of organic components from
wastewaters may be necessary for many wastewater streams, especially those containing
polynuclear aromatic compounds.
Sludge, oily solid waste, and other solid waste
disposal techniques now in use seem currently
applicable and satisfactory for the control technology needed in the coal conversion.
The fate and the composition of trace organic
compounds (e.g., benzo(a)pyrene and polynuclear aromatic compounds) and inorganic components (e.g., arsenic, lead, and selenium) are
presently not well known for coal conversion
processes. Whether control strategies will need
to be developed for these components remains
to be seen.
Even though many of the control technologies
appear applicable to coal conversion wastes, additional testing will be required to confirm the
applicability for large-scale design and cost
estimation. It is expected that additional
development of control technologies will be
needed for the coal conversion industry.

polynuclear aromatics, there is a potential occupational health hazard to coal conversion plant
workers and the general population in the
vicinity of the plant. Indications are that the
population living within a radius of 15 km from a
coke oven plant would suffer the maximum potential exposure risk. Many of the new control
technologies under development, especially
those for fugitive emissions control, should result in significant removal of these hazardous
pollutants for the coke oven industry. The applicability of these control technologies to coal
conversion processes is not altogether clear, except, perhaps, in the coal preparation and handling areas.
For the most part, the types of emissions expected from the coal conversion plant would not
only be less concentrated, but also far less toxic.
The fumes and particulate matter from the coke
ovens themselves, and the subsequent pushing
and quenching operations, account for the major
pollutants which result in the majority of health
hazards encountered in the coke oven industry.
The particulate and fugitive emission problems
in the coal conversion industry are expected to
be several orders of magnitude lower than are
presently found in the coke oven industry. The
coal conversion industry will need to continue to
be vigilant to avoid health problems similar to
those found in the coke oven industry.
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Acid gas and tail gas treatment processes
used in both the petroleum refinery and in the
coke oven plant are adaptable to coal conversion
processes. The efficiency for most of these processes would decrease by the C02 levels which
are expected to be higher for coal conversion
processes. The current technology for removing
ammonia, phenol, cyanides, hydrocarbons, oil,
and grease from vapor and liquid streams all
seem applicable to coal conversion plants.
Much of the fugitive emission control technology, particularly that found in the coke oven industry, would have applications in the coal con·
version industry. Many new developments are
emerging in this field pertaining to the coal
pyrolysis and quenching operations which
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