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PROJECT SUMMARY

Introduction and Background

Under U.S. DOE sponsorship, a project team consisting of the Institute of
i

Gas Technology, Peabody Holding Company, and Bechtel Group, Inc. has been

developing an advanced, mild gasification process to process all types of coal

and to produce solid and condensable liquid co-products that can open new

markets for coal. The three and a half year program (September 1987 to June

1991) consisted of investigations in four main areas. These areas are:

• Literature Survey of Mild Gasification Processes, Co-Product Upgrading

and Utilization, and Market Assessment

• Mild Gasification Technology Development: Process Research Unit Tests

Using Slipstream Sampling

• Bench-Scale Char Upgrading Study

• Mild Gasification Technoiogy Development: System Integration Studies

The project was initiated with a literature survey and market assessment

to identify an advanced gasifier design to produce the most marketable co-

products. Following this effort, a 100 pound per hour process research unit

was designed, built, and operated to evaluate the process concept and to

obtain parametric test data on various coals, namely an Illinois No. 6, a West

Virginia metallurgical coal, and a western sub-bituminous coal. Briquettes of

the chars were made for evaluation as blast furnace coke, as a smokeless fuel,
w

and as an adsorbent char carbon.

. As part of the System Integration Studies, a 24-ton per day process

development unit was designed on the basis of the data obtained in the process

research unit. An associated 24-ton per day hot briquetting system was also

designed to make form coke from the mild gasification chars. The intended

site for the process development unit is at the Illinois Coal Development Park

in Carterville, Illinois operated by Southern Illinois University at

Carbondale. The final report of the project work is divided into three

volumes.

I-ES-I



Volume I Project Summary

Literature Survey of Mild

Gasification Processes, Co-Product Upgrading and

Utilization, and Market Assessment (Program Task I)

Volume II Mild Gasification Technology Development:

Proces£ Research Unit Tests Using Slipstream Sampling

(Program Task 2)

Bench-Scale Char Upgrading Study

(Program Task 3)

Mild Gasification Technology Development:

System Integration Studies

(Program Tasks 4.1-4.6)

Volume III 24 Ton Per Day Process Development Unit Design:

P & ID, Capital and Operating Cost Estimate

(Program Task 4.7)

Results

During the first 4 months of the program, a literature search on the

devolatilization of coal, mild coal gasification processes, and upgrading and

utilization of the co-products wa_ conducted. A concurrent market survey was

conducted to identify the value-added uses for the coal-derived co-products.

The resulting priority end uses formed the basis for the selection of a mild

gasification reactor system and the co-products handling and upgrading process

scheme. A conceptual process flow sheet was developed for a 1 million

ton/year mild gasification plant, and a preliminary economic analysis was

carried out. During this investigation, the technology development needs for

the selected conceptual process were also determined. The results of this

work are detailed in Volume I.

The literature review showed that the high-volatile bituminous coals

produce the highest yields and most valuable condensable hydrocarbons during

mild gasification. The highest condensable yields are obtained in the

temperature range of 1100 ° to 1300°F. Rapid heating, enabled by the use of a

small particle size, minimizes secondary condensables' decomposition

reactions, thus increasing the yield of valuable condensable hydrocarbons.

The literature also showed that lower pressures favor the yield of condensable

hydrocarbons. There is some evidence that when steam and CO 2 are used as the

mild gasification medium, the deposition and cracking of the condensables on

I-ES-2



the surface of char particles may be inhibited, thus improving the productiun

of condensables. Sulfur-capture additives (calcium and iron oxides) may

provide catalytically active surfaces for thermally cracking the condensable

hydrocarbons and therefore act to decrease tar production. However, these

" additives have the capability to selectively absorb the H2S and may even

promote the release of sulfur contained in coal.

The concept of integrating the conceptual mild gasification process with

the mine-mouth coal preparation plant was analyzed to assess the techno-

economic benefits of utility fuel production. A case was analyzed in which

the coal fines from the preparation plant are fed to the mild gasification

reactor, and the resulting char is again blended with the preparation plant

coal product. Several benefits could be realized from this integration

scheme. These benefits include conservation of energy in drying the -i/2-in-

size fraction by mixing the hot char with the moist coal stream. In addition,

it is possible to reduce the amount of fines when some of the coal passes

through the plastic range as it comes in contact with 1200°F char. The excess

product fuel gas could also be used to dry the remaining 2-in. x i/2-in, steam

coal product to earn a premium on fuel value. Alternatively, the gas could be

used in combined-cycle power generation and char fines combustion employed for

coal drying.

An order of magnitude (scoping) capital and operating cost estimate for a

million ton/yr conceptual mild gasification plant was prepared using conserva-

tively estimated product costs for the following three char utilization

options:

I. Char blended with coal for utility fuel

II. Char briquetted with coal fines and then carbonized to metallurgical
w

form coke

III. Char briquetted with coal fines for use as a smokeless domestic,

" district-heating, or industrial fuel.

Options II and III for the two char-derived fuels (metallurgical form

coke, smokeless fuel briquettes) show potential for attractive retuzn on

investment in the 25% to 30% range. Option I for char blending with the

preparation plant washed coal products shows a much smaller return. However,

this assessment reflects a very conservative evaluation of the char fuel value

contribution to the total fuel product. The estimated net operating profit

does not include debt service charges, taxes, or facility amortization.
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Based on the market and literature survey results, and a review of the

most recent experience with gasification of caking high-volatile bituminous

coals at IGT and elsewhere, a gasifier consisting of fluidized-bed and

entrained-bed stages was selected. The primary reason for selecting a

combination of the two gas-solid contacting schemes is to provide optimum

reaction conditions for widely differing coal particle sizes and to maximize

the yield of value-added condensable hydrocarbons rich in pitch and aromatics.

An isothermal process research unit (PRU) was built at IGT, consisting of

an 8-inch-ID, 8-foot-long fluidized-bed section and a 4-inch-lD, 13-foot-long

entrained-flow section, externally heated by electrical heaters. The coal

feed capacity is i00 ib/h, and the coal can be fed either to the fluidized bed

or to the freeboard region above the fluidized bed and below the entrained

section. The stainless steel reactor vessel was designed for operation at a

maximum temperature and pressure of 1500°F and 50 psig, respectively.

Data analysis from the successful PRU tests with Peabody's Illinois No. 6

and West Virginia coals show that, in the temperature range of 1035 ° to

1390°F, coal conversion ranged from 24% to 46%, resulting in 54% to 76% char,

13% to 29% oils/tar, and 5% to 19% fuel gas. The test data with the Illinois

coal show that increasing reaction temperature increases coal conversion, with

decreasing char yield. The oils/tar yields appear to maximize around II00°F,

while the gas yield increases steadily with increasing temperature, primarily

due to increasing secondary thermal cracking reactions. The highly aromatic

oils and tars were characterized to estimate the light oil (<350°F), middle

oil (350 ° to 590°F), heavy oil (590 ° to 750°F), and pitch (>750°F) distilla-

tion fractions. The predominance of secondary reactions is also evident in

the effect of temperature on the amounts of various oils/tars produced. It

was determined that with increasing mild gasification temperature, the pitch

fraction decreased with a corresponding 5ncrease in lighter fractions,

particularly the light oil.

The fuel gas from mild gasification is rich in hydrogen and methane and

it also contains other light hydrocarbons, carbon oxides, and hydrogen

sulfide. Increasing temperature reduces methane and increases hydrogen

content, which effects are also attributable to secondary cracking and

reforming reactions and to gas-phase C/H/O equilibria.
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The char volatile matter content was in the range of 7% to 12%, reduced

from the 37% volatile matter content of the dry Illinois No. 6 coal.

Analysis of the fate of sulfur with increasing reaction temperature

" showed that the sulfur content in char and gases decreased while the sulfur

content of oils/tars increased. In general, for Illinois coal, the char

• contained 36% to 54% of the sulfur, oils and tars contained 9% to 15% of the

sulfur, and the fuel gas contained 31% to 52% of the sulfur in the coal.

The chars from the mild gasification PRU and from a laboratory fluidized

bed were evaluated with bench-scale performance tests specific for each of the

three products. The investigation indicated that a form coke briquette made

from metallurgical grade coals can be made of sufficient strength and in the

proper range of coke reactivity. Larger scale tests will be required to prove

the performance of the form coke in industrial equipment, but the major

factors of strength and reactivity should not be a technical barrier.

Briquettes of smokeless fuel do not have to be as strong as the form coke

briquettes. Limestone, which can be easily blended into the char briquettes,

has been shown to capture 88% of the sulfur from the char of an Illinois No. 6

coal in simple combustion tests. The coal sulfur was found to be completely

converted to calcium sulfate in the combusted ash residue.

A good-quality, low-cost activated adsorbent char was prepared from

Illinois No. 6 char by optimizing the carbon burn-off with steam. The

adsorbent char was comparable in performance characteristics to a commercial

bituminous coal-based activated char and was found to be particularly well-

suited fox adsorption of low-molecular-weight species.

In the PRU tests, the use of recycle char from previous PRU tests mixed
w

with the caking coal feed to the fluidized bed simulated the scale-up

adiabatic process development unit (PDU) that will use recycled hot char.

Also, one test was performed to evaluate the effect of carbon dioxide in the

inlet fluidization gas, as would be present in the PDU design using heated

recycled product gas for fluidization.

Co-product yields and quality were compare0 with previous data and

related to sequential char recycle, fluidization gas, and coal type. Oils/tars

yields from Illinois and West Virginia bituminous coals were consistently over

25% by weight of maf coal, and were not adversely affected either by
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replacement of the coke diluent with mild gasification-derived char or by the

use of 19% CO 2 in the fluidization gas. The steady operation of the IGT mild

gasification PRU with 100% non-caking coal at 102 Ib/h was also demonstrated

showing the versatility of the reactor design.

The information obtained in the PRU testing program was used by Bechtel

Group, Inc. as a basis for the design of a 24 ton per day mild gasification

process development unit (PDU) with an associated hot briquetting system to

produce form coke from the mild gasification chars.

Conclusions

An 8-inch-ID, isothermal process research unit (PRU) for the IGT Mild

Gasification process has been constructed and operated successfully for

26 steady-state tests, with closed material balances, at coal feed rates up to

100 ib/h. In these tests, several caking eastern coals and a non-caking

western coal have been successfully tested. The continuous processing of

caking coals in a single reactor has been the major achievement of this

program. The PRU has produced char and liquids for bench-scale evaluation.

The char has been processed into form coke briquettes on a small scale, and

these were tested for strength and density. The liquids were evaluated for

fractionation into fuels and chemical feedstocks. The results of these

product evaluations have been used in the design of the onsite product

upgrading for the PDU.

The 24 ton/day PDU facility is comprised of a 2.5-ft ID adiabatic

gasifier for the production of gases, coal liquids, and char; a thermal

cracker for upgrading of the coal liquids; a hot briquetting unit for the

production of binderless briquettes; and a calciner for producing form coke

for blast furnaces and cupolas. These facilities are supported by an

incinerator and a scrubber for environmentally acceptable dispcsal of all

process-generated gases and surplus coal liquids.

The intended site for the PDU is at the Illinois Coal Development Park at

Carterville, Illinois operated by Southern Illinois University at Carbondale.

The design offers flexibility and options for operation in terms of heat

supply to the gasifier, a thermal cracking of the Yiquids before condensation,

and a hot briquetting system able to investigate hot binderless briquetting of

mild gasification chars with additives and various char/binder-coal mixtures.
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VOLUME I. EXECUTIVE SUMMARY

Literature Survey of Mild Gasification Processesf Co-Product

Upgrading and Utilizationf and M_rket Assessment (Program Task !)
4 •

The primary objective of the project is to develop an advanced, mild coal

gasification process to produce co-products that can open new markets for coal
d

in both the utility and non-utility sectors. A project team was assembled to

do this work consisting of the Institute of Gas Technology, an experienced

process developer; Peabody Holding Co., representing the largest coal producer

in the United States; and Bechtel National, Inc., a worldwide engineering

design firm.

This report section summarizes the work done during the first 4 months of

the program: a literature search on the devolatilization of coal, mild coal

gasification processes, and upgrading and utilization of the co-products. A

concurrent market survey was conducted to identify the value-added uses for

the coal-derived co-products. The resulting priority end uses formed the

basis for the selection of a mild gasification reactor system and the co-

products handling and upgrading process scheme. A conceptual process flow

sheet was developed for a 1 million ton/year mild gasification plant, and a

preliminary economic analysis was carried out. During this investigation, the

technology development needs for the selected conceptual process were

determined. Upon receiving the Department of Energy's (DOE's) authorization

the project team began the experimental and analytical investigations and

conceptual design evaluations leading to the generation of process engineering

data essential for the scale-up and commercialization of advanced, mild

gasification technology.
a

The literature review showed that the hlgh-volatile bituminous coals

produce the highest yields and most valuable condensable hydrocarbons during

mild gasification. The highest condensable yields are obtained in the

temperature range of ii00 ° to 1300°F. Rapid heating, enabled by the use of a

small particle size, minimizes secondary condensables' decomposition

reactions, thus increasing the yield of valuable condensable hydrocarbons.

The literature also showed that lower pressures favor the yield of condensable

hydrocarbons. There is some evidence that when steam and CO 2 are used as the

mild gasification medium, the deposition and cracking of the condensables on

the surface of char particles may be inhibited, thus improving the production
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of condensables. Sulfu[-capture additives (calcium and iron oxides) may

provide catalytically active surfaces for thermally cracking the condensable

hydrocarbons and therefore act to decrease tar production. However, these

additives have the capability to selectively absorb the H2S and may even

promote the release of sulfur contained in coal.

The analysis of published results for vertical fixed-bed, vertical

moving-bed, horizontal moving-bed, fluidized-bed, and entrained-bed low-

temperature carbonization processes showed that the higher heat-up rate

characteristics of fluidized- and entrained-bed reactors result in the

predicted higher yield of condensable hydrocarbons and lower yield of char.

The _esults also suggested that rapid heat-up may produce condensables with a

higher pitch content at the cost of lighter oils. The survey also revealed

that there was no commercial technology to process caking coals under rapid

heat-up conditions to favor the production of condensables. However, there

was strong evidence from recent developments in fluidized-bed gasifiers that a

suitable reactor configuration could be developed.

The market survey for char identified the production of form coke,

smokeless fuel, and adsorbent char as the value-added uses. The char

resulting from rapid heat-up of caking coals would improve the quality of the

form coke produced by blending with raw coal as the binder. Part of the

product fuel gas or char fines, would be burned to produce flue gases for

drying and preheating the coal and for mild gasification of feed coal. The

excess gas would be available for other fuel uses, such as power generation.

The concept of integrating the conceptual mild gasification process with

the mine-mouth coal preparation plant was analyzed to assess the techno-

economic benefits of utility fuel production. A case was analyzed in which

the coal fines from the preparation plant are fed to the mild gasification

reactor, and the resulting char is again blended with the preparation plant

coal product. Several benefits could be realized from this integration

scheme. These benefits include conservation of energy in drying the -I/2-in.-

size fraction by mixing the hot char with the moist coal stream. In aadition,

it is possible to reduce the amount of fines when some of the coal passes

through the plastic range as it comes in contact with 1200°F char. The excess

product fuel gas could also be used to dry the remaining 2-in. x i/2-in, steam

coal product to earn a _remium on fuel value. Alternatively, the gas could be
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used in combined-cycle power generation and char fines combustion employed for

coal drying.

Based on the market and literature survey results, a rapid heat-up mild

gasification reactor design was selected, so that the maximum yield of value-

added condensable hydrocarbons, rich in pitch and aromatics, could be
s

produced.

Following a review of the most recent experience with gasification of

caking high-volatile bituminous coals at IGT and elsewhere, a gasifier

consisting of fluidized-bed and entrained-bed stages was selected. The two

reactor stages had independent coal feed systems. The primary reason for

selecting a combination of the two gas-solid contacting schemes was to provide

optimum reaction conditions for widely differing coal particle size.

For preliminary engineering evaluation purposes, one-third of the feed

coal was to be fed to the entrained bed, and two-thirds was to be fed to the

fluidized-bed reactor. A 1000 ton/day mild gasification reactor, heated with

2000°F flue gases, was estimated to require a fluidized-bed stage of 12 ft ID

coupled to an entrained-bed stage of 6 ft ID. The char is withdrawn from both

the fluidized bed and the entrained bed coupled to a solids-disengaging

cyclone. Three of these reactors will be required for a 1 million ton/yr mild

gasification plant. Reactor redundancy will provide advantages in operational

continuity; thus the size was selected to allow less expensive shop

fabrication rather than field fabrication techniques.

An order of magnitude (scoping) capital and operating cost estimate for a

million ton/yr conceptual mild gasification plant was prepared using

conservatively estimated product costs for the following three char
B

utilization options:

I. Char blended with coal for utility fuel

II. Char briquetted with coal fines and then carbonized to metallurgical

form coke

III. Char briquetted with coal fines for use as a smokeless domestic,

district-heating, or industrial fuel.

Table ES-I illustrates the approximate economics in terms of 1988 $ for

the process options above. Options II and III for the two char-derived fuels

(metallurgical form coke, smokeless fuel briquettes) show potential for
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attractive return on investment in the 25% to 30% range. Option I for char

blending with the preparation plant washed coal products shows a much smaller

return. However, this assessment reflects a very conservative evaluation of

the char fuel value contribution to the total fuel product. The estimated net

operating profit does not include debt service charges, taxes, or facility

amortization.

Table ES-I. ECONOMIC SUMMARY OF THREE MILD GASIFICATION PROCESS OPTIONS

Annual Annual Simple

Total Capital Operating Plant Return on

_Requirement Costs Revenue Investment

Option I

Char to Utility Fuel 143.4 91.8 99.6 5

Option II
Char to Form Coke 226.4 60.4 117.5 25

Option II]

Char to Smokeless Fuel 169.1 58.5 " ii0.0 30



PROJECT GOALS

The U.S. demand for oil and gas is increasing steadily, and by 1995 the

nation could be dependent for nearly two-thirds of its energy requirements on

imported oil and gas. Meanwhile, the fraction of energy provided by its

largest fossil resource -- namely, coal -- is declining. The U.S. Department

" of Energy (DOE) notes that the real opportunities for coal to displace oil and

gas exist in the industrial, commercial, transportation, and residential

sectors. By capturing 25% of the energy need for these sectors, the current

coal consumption could be increased by 50%. In addition, a coal conversion

technology that is affordable in the present economic climate, and which could

be commercialized within the next 5 to i0 years, will significantly benefit

the coal industry and the nation. With these general goals in mind, DOE is

sponsoring this technology development project to produce value-added, coal-

derived co-products by low-cost and simple mild gasification of coal.

._e mild gasification of coal is a process that has the potential to

produce readily usable condensable hydrocarbons, fuel gas, and char. Mild

gasification is a modification of conventional coal gasification processes,

employing low-severity or mild operating conditions, producing a suite of co-

products suitable for industrial, commercial, residential, and transportation

sectors.

The primary objective of this DOE-sponsored project, involving the team

effort of a coal company (Peabody Holding Co., Inc.), a process developer

(Institute of Gas Technology), and an engineering company (Bechtel National,

Inc.) is to develop an advanced mild gasification process to produce coal-

derived co-products that car, readily open new markets for coal in both the

" utility and nonutility sectors. The study will incorporate novel and

innovative concepts for process development and for co-products utilization.

- The former includes the development of a means to promote the rapid,

continuous devolatilization of caking coals, the use of inexpensive reactor

additives for capturing sulfur compounds, and the use of inexpensive reaction

gases to produce co-products of optimal quality and quantity. It is the

ultimate goal o£ this project to commercialize the advanced mild gasification

technology in the next 5 to 10 years.
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APPROACH

The approach to the development of an advanced, mild coal gasification

process was based on a detailed literature survey and review of the state-of-

the-art of coal conversion to readily saleable co-products. A market survey,

conducted concurrently with the literature survey, has identified the priority

end uses. Based on this information, the type of reactor and operating

conditions and the methods of co-products upgrading to be used as a basis for

design were determined. Although it is recognized that the co-products of

mild gasification may not be superior to the conventional alternatives, it is

very likely that the design and specifications of the present equipment could

be modified to utilize the coal-derived products.

The end uses for the co-products are determined by their quality and

process economics. It is conceivable that the quality and quantity of the co-

products can be optimized by choosing appropriate temperatures, gas-solid

contacting mechanisms, reaction gas compositions, and the use of reactor

additives. There are several end uses for the condensable hydrocarbons -- as

a feedstock for coal tar processing; fuel for transportation, industrial, and

strategic applications; and as a chemical feedstock. The fuel gas can be used

onsite as an industrial fuel or to fuel power production facilities employing

combined-cycle or combustion engines. The char can be used in both utility

and nonutility applications, which include combustion of the char mixed with

pulverized coal. The char may also be used as a smokeless domestic or

district heating fuel, as a substitute for metallurgical coke for a variety of

industrial applications, as an adsorbent char, and as a gasification feedstock

to produce carbon black, H 2, or synthesis gas.

The Institute of Gas Technology (IGT) has formed a team with Peabody

Holding Co., Inc. and Bechtel National, Inc. (BNl) to develop an advanced,

continuous mild gasification process for the production of co-products. IGT

and BNl with their extensive process development and design experiences, have

conducted the literature surveys. Peabody, closely interacting with IGT and

BNI, has ensured that the technology development objectives are consistent

with the needs, long-far, ge growth, and expansion goals of the coal industry.

Peabody has also evaluated the utility market for the co-product char.

Peabody, BNI, and IGT have conducted the market assessment of co-products,

reviewed and evaluated the choice of a mild gasification process development
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reactor system for testing at half-ton coal per day capacity, and conducted a

preliminary economic evaluation of a conceptual commercial process of

1 million tons-per-yr coal capacity.

The results of the above approach are presented on the following pages.

First, the literature survey of mild gasification processes is described,

leading to an analysis of published results that formed the basis for

selecting a range of operating conditions and an advanced reactor concept.

Second, the results of the literature survey of co-products upgrading and

utilization methods are presented, discussing the appropriate alternatives

that could benefit the commercialization of mild gasification technology.

Third, the findings of the market assessment for the mild gasification co-

products are presented. The market survey results determined the specific

details o£ the advanced mild gasification reactor for processing high-volatile

agglomerating bituminous coals. Fourth, the results of a preliminary economic

analysis for a commercial plant of a million tons of coal per year capacity,

producing a selected slate of co,products, were estimated. In conclusion, the

technology development needs for mild gasification and co-products _,pgrading

and utilization, including the commercialization plan, are presented.
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TASK I. LITERATURE SURVEY AND MARKET ASSESSMENT

Subtask i.i. Literature Survey of Mild Gasification Processes

Objective

The objective of this subtask is to conduct a review of the published

literature on low-temperature carbonization, pyrolysis, and devolatilization,

with particular emphasis on processing high-volatile bituminous coals. It is

also the objective of this subtask to determine I) the effect of rapid gas-

solid contacting methods, reactive gas media, sulfur capture additives, and

coal pretreatment on process yields and 2) the fate of heteroatoms during mild

gasification.

introduction

The literature survey covered the period of 1963 to 1987, with emphasis

on the period of 1967 to 1987. A computer search of the DOE Energy Database

yielded over 3000 titles of journal articles, reports, and conference papers

on topics related to mild gasification. Of these titles, about 560 abstracts

were reviewed, and a total of 138 papers were obtained for detailed study. An

additional 40 recent papers on file at IGT were included in the survey. A

detailed study was also made on over 30 reports to DOE or the Electric Power

Research Institute (EPRI), 12 books, and several industrial research bulletins

on coal devolatilization, product upgrading, product utilization, and related

topics.

Extensive literature is available on the fundamental effects of various

processing conditions on the devolatilization behavior of coals over a wide

1-5
range of conditions, based on bench- and laboratory-scale investigations.

This literature includes almost all of the current DOE-sponsored research on

fundamental devolatilization and mild gasification process development.

Comprehensive information from pilot plants and industrial operations is also

available. 6-14 Larger-scale studies have generally been focused on a

particular end use for the products, such as substitute fuels or substitute

metallurgical coke; in some cases, important process performance data are not

divulged for proprietary reasons.

Most of the following data have been gleaned £rom well-documented

laboratory studies, augmented with larger-scale data wherever possible. The

effects of coal type, temperature, pressure, particle heating rate, and
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particle size are discussed, as well as the effects of sulfur-capture

additives, reactive gas media, and coal pretreatment.

Effect of Operating Conditions on Devolatilization Characteristics
. of Coal

Effect of Coal Type

The U.S. coals range in rank from lignites to anthracite. The most

extensive reserves close to major population centers consist of the high-

volatile eastern bituminous coals. These coals generally contain relatively

high amounts of sulfur, in both the inorganic (pyritic) and organic forms and,

thus, are limited in marketability through conventional channels due to

environmental considerations. These coals also display extreme caking

tendencies.

As shown in Figures I-i to I-3 the devolatilization yield and distri-

bution of pyrolysis products depend on the rank of coal. In the mild gasifi-

cation temperature range of 900 ° to 1500°F (482 ° to 816°C), the two hvbA coals

(PSOC 268 and PSOC 124) showed a higher total devolatilization yield, as well

as a higher primary tar yield, than the lower rank lignite and hvbC coals

shown in Figure I-l. 15 Figure I-2 shows similar trends for three low-rank

coals compared to Pittsburgh seam coal. 16 In Figure I-3, the devolatilization

of four German coals ranging from high-volatile to low-volatile bituminous are

compared, which shows that the tar yield begins to decline as the coalifica-

tion proceeds through the bituminous range toward anthracite, as the volatile

matter (V.M.) content decreases. 17 Investigators at CSIRO have shown data

that relates the yield and composition of condensables from bituminous and

subbituminous coals devolatilized in a fluidized bed to the H/C atomic ratio

- of the coal. 18 Figure I-4 shows how the tar and total devolatilization yields

at ll12°F (600°C) varied with the coal H/C atomic ratio in that study, lt is

evident from all of these studies that the high-volatile bituminous coals

produce the highest yields of condensable devolatilization products.

The distribution of gaseous devolatilization products is also dependent

on rank, as shown in Figure I-5. 19 The lower-rank coal produces more water

and CO x species and less gaseous hydrocarbons. The higher oxygen content of

the lower-rank coals is also reflected in the higher oxygen content of the

condensable stream reported by Cheet al. and illustrated in Table I-1.20



Figure I-l. YIELD AND DISTRIBUTION OF DEVOLATILIZATION PRODUCTS FOR
THREE BITUMINOUS COALS AND ONE LIGNITE 15
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Table I-l. COMPARISON OF COALS OF DIFFERENT RANKS AND

THEIR LIQUID PRODUCTS

Wyoming Kentucky No. 9

Coal Subbituminous Bituminous

H/C, Atomic Ratio 0.82 0.89

. Oxygen, % 20.1 7.5

Sulfur, % 0.65 3.5

Nitrogen, % 1.2 1.7

Fische[ Tars, % 9.7 16.3

Liquid Product ...

Yield, % 21.0 33.0

H/C, Atomic Ratio i.i 1.05

Oxygen, % 14.1 7.9

Sulfur, % 0.45 2.1

Nitrogen, % 1.0 1.4

* From Occidental Flash Pyrolysis. 20

The heteroatom content of the products is, of course, determinee

primarily by the hetercatomic content of the parent coal. Physical cleaning

of coal prior to mild gasification can significantly reduce sulfur by removing

a portion of the pyrite. Other factors that influence the S, N, and O levels

in the products include temperature, particle heating rate, and the presence

or absence of sulfur capture additives in the gasification step. These

factors will be discussed in subsequent sections.

- The effect of coal type is not limited to the yields and distribution of

products; the caking properties of the coal, which are related to coal rank,

- play a major role in the selection of process configuration and reactor

design. This topic will be discussed in detail in later sections of this

report.

Effect of Temperature

As shown earlier in Figures I-I and I-2, the total devolatilization yield

for bituminous coals increases rapidly in the range of 750 ° to 1300°F (400 ° to

700oC), then increases more slowly, as char gasification becomes more
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significant. 15'16 It has been shown that the overall devolatilization yield

for any coal is independent of heating rate at a given final temperature, 1

although secondary reactions of the volatile products can generate tar

carbonizetion solids that are indistinguishable from primary char. Studies at

CSIRO to determine the effect of fluidized-bed reactor designs and coal type

on devolatilization yields showed that the yield of condensable hydrocarbons,

regardless of the coal studied, reached a maximum at about III2°F (600oc). 18

Data from other investigators, as shown in Figures I-i and I-2, gave similar

results. 3 The maximum condensable product yield from devolatilization in

inert gas is between 20% and 30% by weight of the moisture and ash-free (maf)

coal. As temperature increases, secondary reactions will reduce the amount of

recoverable condensables, which is reflected in the fact that the tar yield

from conventional high-temperature carbonization (coking) is generally about

8%.

The extent of secondary reactions is to a large degree dependent on the

reactor configuration. The data of Kobayashi, 21 illustrated in Figure I-6,

shows the complex relationship between final temperature and heating rate on

the pattern of elemental change during devolatilization; Figure I-7 shows data

from the same study for a lignite and a bituminous coal, using only the fixed-

bed (crucible) cases. Between 900°F and 1500°F, there are substantial changes

in the patterns of evolution of gaseous species containing S, N, az,d O

atoms. The release of oxygen and hydrogen from char approach completion at a

lower temperature than the release of nitrogen and sulfur.

In a study at United Technologies, 22 nitrogen distributions from the

vacuum pyrolysis of 13 coals were reported. Figure I-8 shows that the..

concentration of nitrogen compounds in the gas phase increased sharply over
m

the region of 1076 ° to 1580°F (580 ° to 8600C). The nitrogen content of tar,

on the other hand, remained quite constant over these temperatures, and the

nitrogen content of the char increased gradually.

The conversion of coal sulfur to H2S, the principal gaseous sulfur-

containing devolatilization product, is shown in Figure I-9 for three

bituminous coals; 23 it is evident from these data that the pattern of sulfur

conversion to gas will vary considerably from one coal to another, possibly

dependent on the distribution of sulfur among organic and inorganic forms in

_ thc coal. In the mj]d gasification temperature range, however, the sulfur

1-]2
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conversion to H2S has been observed to increase slowly, as illustrated in

Figure 1-10. 24 The sulfur content of tar is generally somewhat lower than the

sulfur content of the parent coal, as shown by the examples in Table I-2,

6 COED 14 and ORNL 25. where tars and chars from Occidental Flash Pyrolysis, ,

tests were compared with feed coals for total sulfur content. There is also a

noticeable variation in the char sulfur levels relative to the feed coal, with

two of the chars having higher sulfur levels than the coal, and one lower.

Table I-2. COMPARISON OF SULFUR CONTENT IN TARS FOR THREE

LOW-TEMPERATURE CARBONIZATION PROCESSES

Process Name Occidental COED ORNL

Test No. 175 P-45 --

Temperature, OF 1220 ii00 932

Reactor Type Entrained Bed Fluidized Bed Fixed Bed

Parent Coal W. Kentucky #9 Illinois #6 W. Kentucky #9

Sulfur in Coal, wt % (dry) 3.0 4.0 5.8

Sulfur in Tar, wt % (dry) 1.7 2.0 1.9

Sulfur in Char, wt % (dry) 3.3 (by diff) 5.6 (stage 3) 3.66

Oxygen is evolved from coal by two mechanisms: generation of devolatili-

zation water, which begins around 700°F (371°C), and generation of carbon

oxides, which begins at about the same temperature and increases gradually,

peaking at about 1500°F (816°C). Figure I-ii shows how the evolution of

oxygen-bearing gases changes with temperature for a bituminous coal. 26 The

• oxygen content of tar is related to the degree of secondary decomposition that

takes place as well as the final temperature. Table I-3 compares the oxygen

content of tars produced in Occidental Flash Pyrolysis tests using char and

petroleum coke as heat carriers.6 The char heat carrier was observed to

enhance secondary reactions relative to the petroleum coke.

For a given reactor system, the following statements summarize the

effects of increasing devolati]ization temperature:

• Condensable hydrocarbons will undergo thermal cracking reactions to yield

light gases, light oils, and secondary char I'3

_ I-!7
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Table I-3. COMPARISON OF OCCIDENTAL FLASH PYROLYSIS TARS FROM

BITUMINOUS COAL WITH TWO DIFFERENT HEAT CARRIERS 6

Test No. 154 171

Heat Carrier Subbituminous char Petroleum coke

Transport Gas CO 2 CO 2

Temperature, °F 1035 1120

Residence Time, s 1.5 1.5

Tar Composition, wt %

C 83.2 79.2

H 7.8 6.9

S 2.1 1.7

N 1.2 1.8

O (by diff) 5.7 10.4

H/C atomic ratio 1.]0 1.05

Solubility Classification,
wt % of tar

Oils 77 60

Asphaltenes 4 24

Preasphaltenes 19 16

1-20



• The condensables will increase in aromaticity as aliphatic side chains

are removed from the structures by thermal dealkylation (Table I-4) 12

• The condensables and char will tend to lose sulfur and oxygen, but

nitrogen content will generally remain unchanged up to about 1300°F, when

the nitrogen content of char begins to decline (Figures I-6, I-7, and

1-12) 27

• • The pitch content of the condensables and the overall yield of pitch

increase (Table I-5) 26-28

• The BTX (benzene, toluene, xylenes) yield and the relative fraction of

benzene in BTX increase (Table I-5) 5'13'28

• The PCX (phenol, cresols, xylenols) yield decreases and the relative

fraction of phenol in PCX increases (Table I-5) 5'13'28

• The char V.M. decreases as shown in a plot of data from Protopapas e___t

al___a., (Figure 1-13). 12

Table I-4. COMPARISON OF LIGHT OIL COMPONENTS FROM LOW-, MEDIUM-, AND
HIGH-TEMPERATURE CARBO NIZATIONI2

Composition of Condensable Compounds From Coal Gasf wt %
Coke Continuous

Oven Vertical Low-Temperature

(1850OF) Retort (1500°FJ Retort (1200 °F)

+ i
Monoolefins 1.64 2 33 16.26

Dienes 2.48 2.58 1.36

Cycloolefins 5.37 1.16 9.55

Paraffins 0.34 22.37 46.53

Naphthenes 0.21 3.62 8.00

Aromatics 85.26 63.04 15.56

Indene 1.13 0.72 0.15

Carbon Disulfide 0.40 0 66 0.06

Thiophenes 0.67 0.33 0.66

" Other Compounds 2.50 3.19 1.87

Effect of Pressure

The effects of pressure on devolatilization products and their

compositions are interdependent with the effects of the gas medium in which

devolatilization takes place. For coal devolatilization in an inert gas

medium, it has been reported in several independent investigations that the

1-21
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Table I-5. COMPARISON OF CONDENSABLE DEVOLATILIZATION PRODUCT

COMPOSITIONS FROM COKE OVENS (-1800°F), CVR RETORTS (~1500°F),

AND LOW-TEMPERATURE RETORTS (~I200"F) 28

I.IIW

( ',,k(,.t)Vl,l, tars lelnl)eral llrt'

(',ml),mt,111, |II< I"I{(; tl._ lWR tar.... (II% l;ir..,.

wt % ,,I' dry tar Av Ira,m,, av m,' Av l{angt. I I< +ix

ht,nzeno 11.25 0.12 0.42 0.4 11.12 tl.22 11.1,10,26 ii.iii
t.hu.,e 11.22 11.09 11.35 0.3 11.2[, 0.22 0.17 11.29 t1.12

,-xyh'ne 11+(14 I).112 1).07 ().(14 (I.(16 0.()5 (I.()H 0.(15
m-xylene 11.I I I1.08 ().lH 0.2 0.1)7 0.13 0.1 ] .11.1H O.lO

p.xylene 1k114 0.112 11.1)7 0.1)3 0.(15 0.1140.07 0.04
ethyii)enzene 0.02 11.01- 11.05 0.112 0.0:1 0.02-0.04 0.02
styrene 0.(14 1).(12 ().04 0.(}2 (}.114 ().()2- (}.(16 0.01
phenol 0.57 O.l,l 1.15 0.5 1).61 0.99 0.49- 1.3G 1.44
-.cresol 0.:+2 11.I0 0.34 0.2 (I.25 I.:1:1 0.77- I ..r,:+ 1.48

m-cresol 0.4,5 ().ILL 1.1) 0.4 0.45 1.(11 11.58 I.:13 0.98

p-cres, d 0.27 0.1)7 030 0.2. 0.27 11._(; 0.50 I.t1:1 O._7

xylen,ds 0.4H IL I:t -i,:111 0.36 :1.1)_ 2.7(I 3.5H 6.36
high i).iling Lar Acids 0.91 0.31 2.119 ().H:I 8.09 (;.57- I I. I 12.89
n,l,hl ha i. IH 1).52 •2,1_6 0.97 3.21 2.811-3.8,! :{.6;1
nni)hthalene 8.94 7.29-11.31 lt}.O 8.H11 :l.lH 2.15-;{._,! 0.85
c_.methylnaphthalene 0.72 O.l;I)-O,Hfi 0.5 0.65 0,54 0.46 11.84 0.23

ft- methylnai>hthalene 1.32 1. I 5-1.6:{ 1.5 1.23 0.68 0.62 -11.7.1 11.19
acenal)hthene 0.96 0,42-1,28 0.3 1.05 0.68 0.50-1).811 0.19
flu.rene O.H8 0..16- I.Ht) 2.0 0.G4 0.51 t).:|:{+1.23 0.13

diphenylene .xide 1.50 I.,|I)-_,(H) 1.4 ().(_H 0.62 ().7.t 0.19
nnt hra('t,,e l .O(I 1").5'j` I,:IH l .H 0.75 I).21_ I). ]).i-().;ll) ().116

I)henanthrem' 6.:1t) 2.311.9,81) 5.7 2.1i(i 1.75 (1.,1()2.911 1.6(1
('arllaz()le l .;l;l 0.SH- 1.73 1.5 0.811 0.89 ().1,1- l .,13 1.29

• tar l)a,_es 1.77 1.25-2,611 0.73 2.118 2.119 !._1-2.17 2.09

medium soft pitch 59.8 4!).5-6:l.9 54.4 63.5 43.7 41.0-49.'.t 26.0
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total devolatilization yield decreases with increasing pressure. 1 At elevated

pressures secondary decomposition reactions are favored by the inhibition of

the escape of volatile material from the coal particle, as well as by

increasing the probability of molecular collisions between the reactive

condensable fragments. Figures I-3, 1-14, 29 and 1-152_ show this effect,

which becomes significar_t when the temperature exceeds about 1300°F

(700oc). 1,3

In the presence of reactive gases, however, the situation is quite

different. Hydrogen has been used to enhance the conversion of volatile

matter from devolatilization of coal, as well as increasing the H/C ratio of

the condensable products, primarily to enhance the attractiveness of these

products for further processing to substitute liquid fuels. The effect of

hydrogen on the devolatilization of coal is related to the hydrogen partial

pressure as shown in Figure 1-16. 1

Devolatilization experiments in the presence of other reactive gases,

such as steam, have shown that the yield of condensables does not decline in

the presence of these media as with inert gases -- and may actually be

enhanced at higher pressures. A recent paper reports that the condensable

yields can be improved even at low pressures under CO and H 2 in the presence

of shift catalysts, presumably by the generation of nascent hydrogen. 30

It does not appear, however, that the effect of pressure on product

yields would be significant over the relatively small range (0 to 50 psig)

considered for mild gasification. The concept of mild gasification dictates

simple and economic design and operating conditions, achievable by low-

pressure or ambient-pressure processes. Operation at pressures above

° atmospheric, however, may increase throughput.

Effect of Reactive Gas Composition

Several investigators 4'9'31 have reported increased yields of condensable

products f'om devolatilization experiments in the presence of reactive gases

such as H 2, CO 2 and steam, in comparison to inert gases. As mentioned

previously, this effect may be partly attributable to the reactions of conden-

sable fragments with the ambient gas, in the cases of hydrogen and steam. An

additional effect has been suggested. 31 The active char surface generated by

devolatilization provides convenient sites for tar cracking reactions, as _.

1-25
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shown by the data in Table I-6; 6 reactive gases may tend to compete for these

sites, inhibiting the secondary decomposition reactions of the condensables.

Table I-6. PROPERTIES OF FLASB PYROLYSIS TARS PRODUCED AT

. DIFFERENT OPERATING CONDITIONS

Residence O,

Temp, Time, Tar Yield, H/C wt %

Run Heat Carrier Gas Medium °F s wt % maf Ratio maf

180 Pet. Coke CO2/steam 1190 1.3 31.9 0.94 8.2

173 Pet. Coke CO2/steam 1200 2.1 27.2 0.97 8.8

172 Pet. Coke CO2/steam 1200 4.2 24.0 1.02 9.5

174 Pet. Coke N2 1220 3.8 24.3 0.97 8.6

175 Pet. Coke N2 1220 1.4 25.0 1.08 10.6

176 Pet. Coke CO 2 1130 4.1 27.9 1.07 12.0

177 Pet. Coke CO 2 1130 1.5 34.6 1.06 9.6

178/179 Pet. Coke CO 2 1220 1.3 34.5 1.03 8.7

170 Pet. Coke CO 2 1190 4.2 20.5 1.01 8.5

154 Subbituminous

Char CO 2 1035 1.5 5.0 1.10 5.7

155 Subbituminous

Char CO 2 1013 4.4 9.0 i.ii 5.9

In the presence of hydrogen at significantly high partial pressures, the

aromaticity of the condensable products has been observed to increase, due to

the removal of aliphatic side chains from the aromatic tar structures

32
accompanied by the generation of hydrocarbon gases.

In addition to these effects, studies at Brookhaven National

Laboratories 33 have also shown that devolatilization in the presence of CH 4

may also enhance yields of BTX and ethylene, which are considered to be

valuable chemical by-products; it is uncertain whether increased yields of

ethylene are primarily derived from the coal structure or from thermal

34
disproportionation of methane.

With regard to the effects of various gas media on other properties of

coal, a study using low-pressure He, H2, N 2, Ar, and CO 2 with Lower Kittaning

Seam bituminous coal has shown no effect of ambient gas variation on

35
thermoplastic behavior.
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The fact that the fuel gas generated by coal devolatilization contains

reactive gases (that is, CO 2, H 2, CO, H20, light hydrocarbons) suggests that

recycling a portion of the fuel gas to the mild gasification reactor may

enhance the yield and value of condensable products. It is also conceivable

that a steam- or CO2-rich flue gas stream could constitute a reactive gas

medium, with the associated potential for improvements in the yield of

condensable product"

Effect of Particle Heating Rate

The heating rate of the coal particle influences the degree of secondary

decomposition of devolatilization products. The particle heating rate and

particle size are interrelated, and these parameters are intimately related to

the mild gasification reactor configuration. Most of the reported studies in

the literature describe work with fine particles where the rate of heating has

been closely controlled. 1

If the possible reactor types are grouped into broad categories, particle

heating rates in these reactors conform to the following trend:

[fixed bed < moving bed < fluidized bed < entrained bed]

The particle heating rates range from about 2°F/min in fixed beds to 106°F/min

in entrained-bed reactors.

Several comparisons have been made between the results of devolatilizing

the same coal under slow-heating and rapid-heating conditions. 1'5'36 In a

comparisor_ of condensables obtained from a Utah high-volatile bituminous coal

using Lurgi-Ruhrgas (rapid heating) and Wellman-Galusha (slow heating)

techniques, 36'37 it was reported that the tar produced by rapid heating

contained more heteroatoms, less hydrogen, and a higher average molecular

weight. Table I-7 shows some of the properties of these two tars. The

differences between the Lurgi-Ruhrgas and Wellman-Galusha tars result in part

from the countercurrent steam and gas stripping of the feed coal in the moving

bed of the latter versus the cocurrent contacting in the former process.

Tables I-8 and I-9 compare the product distribution and tar compositions

resulting from slow- and rapid-heating devolatilization of German bituminous

coals under otherwise similar conditions. 5 lt is apparent from these two

tables that higher pitch yields can be produced by rapid heating of coal.

Figure I-3 also showed how particle heating rate affects the overall yield of

condensables from higher-rank coals. 17
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Table I-7. PROPERTIES OF CONDENSABLES FROM RAPID AND SLOW

HEATING RATE DEVOLATILIZATION OF UTAH hvb COAL 37

Tar Yields and Conventional Analyses

Total Tar Elemental Composition_ %

" Process Yield_ % C H N O_ S C_/__H__

Lurgi 21"* 82.70 6.02 1.20 9.63 0.40 13.7

Wellman-

Galusha 14.8 83.98 9.13 0.86 5.83 0.30 9.2

* Weight % moisture free coal.

** Yield riot corrected for insoluble tar compounds (estimated at 5%-10% of

total tar).

I By Oifference.

Table I-8. PRODUCT DISTRIBUTION FROM RAPID AND SLOW HEATING RATE

DEVOLATILIZATION DF GERMAN BITUMINOUS COAL 5

Yield_ g/kq Ratio of Rapid-

Product _ Slow to-Slow

Gas 70.0 I00.0 0.70

Coke-Water 75.0 81.0 0.93

Light Oil 18.7 41.2 0.45

Middle Plus Heavy Oil 82.3 54.1 1.52

Pitch 86.0 16.7 5.15

Low-Temperature Coke 668.0 707.0 0.94

In general, slow heating of particles, such as the case in the Fischer

" Assay procedure, favors secondary reactions of volatiles, which pzoduces the

following effects:

• Lower overall condensables yield

• Higher overall char and gas yield

• Higher yield of light oils

• Lower yield and concentration of pitch.

1-31



Table I-9. COMPOSITION OF CONDENSABLE PRODUCTS FROM RAPID AND SLOW

HEATING RATE DEVOLATILIZATION OF GERMAN BITUMINOUS COAL 5

Rapid
Carbonized Tar Fischer Tar

wt % oi tar
b

Aliphatics Determined by Urea Method 4.254 6.366

Paraffins 2.30 7.14 "

Olefins 2.86 3.35

Total Aliphatics 5.16 10.49

1-Ring Azomatics 1.52 5.27

2-Ring Aromatics 3.86 5.73

3-Ring Aromatlcs 6.22 6.55

4-Ring Aromatics 2.85 9.27

5-Ring Aromatics 0.48 0.40

Phenols 14.10 25.92

Bases 0.28 2.46

Pitch Residue 64.6 27.7

Because of the extensive decomposition of primary heavy tars to gases, light

oils, and char during devolatilization, the net liquid product from Slow

heating will contain a larger proportion of PCX, BTX, tar bases, and

naphthenic components than the product from devolatilization under rapid-

5
heating conditions at the same temperature and pressure.

In contrast to slow heating, rapid heating of particles produces the

following effects:

• Higher overall condensables yields

• Higher yield and concentration of pitch (distillation residue) in the tar .

• Higher aromatic content of condensables

• Higher content of heteroatoms in high-boiling tar fractions.

Under rapid-heating conditions, the devolatilization products vaporize quickly

and diffuse out of the particle in a shorter time, becoming diluted by the

bulk gas stream. Once diluted by ambient gases, the frequency of molecular

collisions between the reactive fragments is reduced, and secondary decomposi-



tion reactions are less likely. The presence of a reducing gas medium will

tend to stabilize the condensable products.

In addition to the effects on the volatile products, the heating rate

" also affects the physical structure of the char. Rapid heating, by producing

volatile products faster than they can escape through the existing pore

° structure, causes deformation of the particle in its incipient plastic state.

This results in an expanded spherical particle with an enlarged pore structure

and greatly increased surface area. In contrast, slow heating produces a char

not much different in physical appearance and density from the parent coal.

This is illustrated in Figure 1-17. 5

Effect of Particle Size

As previously stated, the effect of particle size on devolatilization can

be viewed as the inverse of the effect of heating rate. As particulate size

increases, the residence time of the volatiles released within the pores of

the particle also increases, thus subjecting these substances to a series of

secondary decomposition reactions.

Effect of Sulfur-Capture Additives

Particulate mineral additives can be used in a devolatilization reactor

to capture the H2S produced from the sulfur in coal. Khan 38 has shown that

the concentration of H2S in the product gases can be reduced by two or more

orders of magnitude by devolatilizing coal mixed with lime; the sulfur content

of tars may also be reduced by this method, although to a much lesser degree.

For this form of in-situ desulfurization to De effective, intimate mixing of

the reactive solid and gaseous phases, such as in a fluidized bed, would be

beneficial.

Additives that can be effective in reducing sulfur in this way include

. lime (CaO) and iron oxide (Fe203). The sulfided products, which are retained

in the char, are CaS and FeS, respectively. Lime offers the added advantage

that it could be left in the char product, since subsequent carbon conversion

under oxidizing conditions can convert the CaS to CaSO 4, which can be safely

disposed of with the char ash. The necessity for char separation from the

additive would exist when iron oxide is used as an additive.

It should be noted that in addition to the effect of the additive on the

sul£ur content of the volatile products, lime has been shown to promote tar
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CARBONIZATION AT VARIOUS HEATING RATES 5
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cracking reactions by providing an active surface. The benefits of sulfur

removal must be balanced against this side effect when considering the use of

a solid sorbent. The additive can also act as a diluent to counteract the

. caking tendency of bituminous coals, which is an added benefit.

Effect of Coal Pretreatment

" Unti] now caking coals have generally required some form of pretreatment

to reduce the agg]omerating properties, depending on the reactor configuration

and the presence or absence of an inert diluent in the bed. The commonly used

pretreatment method is partial oxidation. It has been reported that partial
2

oxidation tends to reduce devolatilization yields.

Another form of coal pretreatment, which is not inspired by the need to

reduce the caking tendency, is steam pretreatment. Graff and Brandes 39 found

that the yield of condensables from devolatilization of bituminous coal can be

increased to about 50% of maf coal by steam treatment at 590 ° to 660°F, as

shown in Figure 1-18. The continuing studies may develop an acceptable

explanation of tl_is effect that may lead to incorporating a steam pretreatment

step in the conceptual process schemes, if similar benefits could be derived

at lower operating pressures in the 0 to 50-psig range.

Summary of the Effects of Operating Conditions

In summarizing the findings of the literature survey with respect to the

effects of operating conditions on product yields and quality, the following

statements can be made:

• Liquid yields are maximized with high-volatile bituminous coals, and

lower-rank coals yield gases and tars with higher oxygen content than

bituminous coals.

i

• The degree of primary devolatilization (gases+liquids) increases with

increasing temperature, but the distribution of gases and liquids depend

. on secondary reactions of devolatilization products.

• For a given reactor system, higher temperatures result in: tars cracking

to gases and secondary char; the loss of aliphatic side-chains from

condensables; a lower heteroatom content in the condensables; a higher

pitch content in the condensable product; higher BTX yields; and lower

PCX yields.

• Char volatile matte[ and sulfur content decrease with increasing

temperature.

• Carbon oxides in the fuel gas product increase with temperature.
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• In inert atmosphere, condensable product yields tend to decrease with

increasing pressure, but in reactive atmosphere (H20, H 2, C02),
condensable yields tend to increase with increasing pressure.

• Reactive gases may inhibit secondaLy reactions of volatiles, which

results in increased condensable yields.
t

• Particle heating rates by reactor type generally follow the trend:

" [fixed bed < moving bed < fluidized bed < entrained bed]

• Slow heating favors secondary reactions of volatiles within coal

particles, which results in lower overall condensable yields, more

aliphatic components, a lower pitch content in the condensable product,

and a composition tending to be richer in thermodynamically stable

products. Fast heating favors more rapid release of tars into the gas

stream, which results in higher overall condensable yields, a more highly

aromatic condensable product, a higher pitch content in the tar, and a

product character that tends to be determined by devolatilization

kinetics.

• Larger coal particles tend to favor secondary reactions within particles,

producing the same results as slow heating rates.

• Sulfur-capture additives such as CaO and Fe203 can reduce the H2S content
of product gases by several orders of magnitude, but provide catalytic

surfaces that tend to promote cracking reactions of condensables.

Sulfur-capture additives also reduce the sulfur and oxygen content of

condensables, but to a much lesser degree than in the case of the gas

phase.

• Oxidative pretreatment reduces caking, but also reduces the volatile

products yield and consumes carbon from the coal feed; steam pretreatment

below devolatilization temperatures may enhance condensable yields.

Review of Carbonization Processes That Meet the Criteria of Mild

Gasification

Many commercial, demonstration, pilot, and bench-scale carbonization

. processes have been previously reviewed. 7'I0 These are classified as fixed-

bed, moving-bed, fluidized-bed, and entrained-bed processes; an overview of

these processes is shown in Table I-j0.

Fixed-Bed Processes

Batch conversion methods are also known as fixed-bed retorting. The

reactor designs have been largely derived from coke ovens modified for low-

temperature operation. Some mechanical method is required to remove the solid

product, which in some cases is an agglomerated mass, from the reactor

vessel. The slow heating and long residence times of several hours promote

extensive cracking of tars.
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Table 1-10. REACTOR CONFIGURATIONS, OPERATING CONDITIONS, AND PRODUCT

YIELDS FROM LOW-PRESSURE CARBONIZATION PROCESSES

Yields
nam kd ¢xa(igurati_ Coal TYPe TmFeratu_,'F _,_ig L_. ,,Ti_,_ _mr,_ _ _stJ:f/t

Coalite Verticalfixed Bit 1200 hmhilnt 4.5 75 9.6 4000
Phurnacite V_rtic_lfixed Bit(est) 950-1250 J_mt 4.0 82 "2.0 la
KruR_Lu_ Verticalfixed kvb 1100 Jml_mt 6.0 85 7.0 2800
Cellsn-0ones Verti_ fixed h_ 1200 Jm_Lmt 30.6 75 "8.0 5750

Curran-Kn_lu Vertical fixed E. gu coal 1000-1500 A_imt )at 82.5 20.0 8200
P.exco Vertical f_ed _ 1300 _mbient 15 68 8.4 21,430
Coalene Verticalfixed _tos_hit 1200 4 1.5-3.0 72.5 16.0 13.5vtk
tL'C Vertical fix_ No.8 hvb 1200 Pahient 8.0 74 13 10wt%
k_r_nstof f-

Technik Vertical fixed _ hvb 1200 hbient 2.0-4.0 75 9.6 4550

Lar_i-S_l_ Vertical _ _ 1100 Jabieat 5.0 50.1 9.9 la
Vertical _ VChvb 1200 _ahieat 21.0 64 10 10,330

Di4ier-4kEke Vertical _ _K:b_ 1112 _nbient la 70 10 3210
Po:hdale Vertical _ _: 1300 _abimt la 77 8.3 867
Koal Krudes Vertical uc_ing hvb 1200 _bimt m 57.5 8.5 la
N_t'l Fuels Verticalao_ Cok_ hVd) 930 J_hient la 63.5 "14 8300
Heliopore Vertical _ Subi_ 1330 _ahimt ]_ 52.3 4.4 6500
Stansfi_ld Vertical _ _ 1000 _bient la 56 la la

Lur;i_ _ _ IAO/Su_/hv_ 800-1100 Jmb_emt 1-16 _ 63.4 10.4 2050
_ noting Pitts _A 850 _imt la 75 7.4 3700

Mi_Ea _m'iz uovi_ VC_ 932 J_bient la 65.6 3.4 8850
Vanishi Borizuc_ lr hvb 1022 J_ent la 74.9 6.3 la
Hayes I_ uovi_g FittsI_ 1200 Ambient 0.33 69.9 17.7 4490

E:riz _ C b_ok 930 Imb_mt la 71.5 10.1 5230
To_ llorizuc_ ILlbv_C 900 J_ent 0.08-0.17 73.9 9.2 253

Stm'ra _ Utah_tum 850 J_hient 0.033 70 10 1200

IFC i_ota_ tray r,_bit 9)0-1040 _abimt 0.13-0.25 75 18 5 w_%

_ayashi Fluidized lie 1500 _imt la 50 6.7 21,670
Fluidized gybvbB 450-1285 6 0.17-1.58 63.5 18.3 7.8wt%

Ccmol Flui_iz_Ust_ _ 925 25 0.75-2.0 70 14-1% la
S_h Fluid_ed hv_ 1300 A_imt la 65 7 8200
Cerchar Fluidized NC/Ch_ 9/0-1100 ]_bimt 0.17 71.6 la 1446

Fl_ Ohio_ 900 kuhient !_, 71.9 10.5 2640
SRI Fluidized C AlsI_ 950 J_bient 0.33 80 I0 14,000

USR_ Fluid_ed/st_d _, hv_ 905 J_bient 0.17-0.35 48.7 12.6 NA
CSIRO rl_ _ hvb 930-2.1.00 J_bimt la I_ la la

0ccidental Eutr_ u_flo, II_ m_b 900-1100 50 2 nec 52.0 23.6 17.4wt4
Occidental _tra_ u_flow I_ bv_C 900-1100 50 2 NC 53.7 32.6 12.3wt_ *
Parry Entr_ _f low Lignite 900 J_bi_nt 0.17 49.7 6.4 5186

_ = um-cak_.¢; uc = uNkl_ caJc_; c = c_d._
la - data mt available
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Currently the only active commercial fixed-bed processes are the Coalite

and Rexco processes in the United Kingdom, which has been producing a solid

domestic fuel and by-product chemicals for over 40 years. Besides Coalite,

• processes that have operated on a commercial scale include Phurnacite

(Figure 1-19), Cellan-Jones (Figure 1-20), and Rexco (Figure 1-21) in the

. United Kingdom; Krupp-Lurgi (Figure 1-22) in Germany; and Curran-Knowles

(Figure 1-23) in the United States. The Coalene process (USA) employed

superheated steam as heat carrier in a pre-World War II demonstration plant

(Figure 1-24). The United Coal Company (UCC) is presently operating a

1500-1b-coal/day process development unit that uses a design similar to

Coalite to produce coal-derived liquids (Figure 1-25); the process was

originally designed to produce a char/oil slurry for use in heat engines.

Other fixed-bed processes that have operated on the pilot scale included

Brenstoff-Technik (Figure 1-26), Otto and Weber (Figure 1-27) in Germany, and

Carmaux (Figure 1-28) in France; all of these were in operation during World

War II and were subsequently abandoned. Noncaking coals or briquettes were

used as feed, and products included domestic fuel, form coke, tar for

chemicals, and char for gas generators.

Moving-Bed Processes

Many designs of continuous moving-bed carbonizers have been used,

including vertical and horizontal moving beds, and conveyor-, moving-grate,

and rotary-tray designs.

Lurgi-Sp61gas (Figure 1-29), Koppers (Figure 1-30), Geissen

(Figure 1-31), and Didier-Werke (Figure 1-32) in Germany; Rochdale in the

United Kingdom; and Koal Krudes (Figure 1-33) in the United States have all

operated commercially using the vertical moving-bed design. These designs

generally used a combination of external and internal heating using hot

product gases and flue gases. A demonstration plant was built by National

Fuels Corporation and American Cyanamid (Figure 1-34) to produce a coke

blending stock, also using a vertical moving bed design. Pilot plants have

been built in the United States [Heliopore (Figure 1-35), Petit (Figure 1-36),

and Pipestem)], Germany [Pintsch-Weber (Figure 1-37)], Canada [Stansfield

(Figure 1-38)], and India (Hyderabad). All of these vertical moving-bed

designs have required a feed of either briquettes or double-screened coal

without strong caking properties.
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Figure 1-19. CROSS-SECTION VIEW OF PHURNACITE RETORT
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Figure 1-21. REXCO LOW-TEMPERATURE CARBONIZATION PROCESS SCHEMES
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Figure 1-22. CROSS-SECTION VIEWS OF KRUPP-LURGI RETORT
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Figure 1-24. CROSS-SECTION VIEW OF COALENE RETORT
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Figure 1-25. LAYOUT OF UCC RETORT SYSTEM
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Figure 1-29. SCHEMATIC DIAGRAM OF LURGI-SPTJLGAS LOW-TEMPERATURE
CARBONIZATION PLANT
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. Figure 1-30. CROSS-SECTION VIEW OF KOPPERS MOVING-BED LOW-TEMPERATURE
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Figure 1-31. CROSS-SECTION VIEW OF BORSIG-GEISSEN MOVING-BED
LOW-TEMPERATURE CARBONIZATION REACTOR
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Figure 1-32. CROSS-SECTION VIEW OF DIDIER-WERKE MOVING-BED
" LOW-TEMPERATURE CARBONIZATION REACTOR
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Figure 1-33. SCHEMATIC DIAGRAM OF KOAL KRUDES LOW-TEMPERATURE
CARBONIZATION PLANT
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Figure 1-34. SCHEMATIC DIAGRAM OF NATIONAL FUELS MOVING-BED
LOW-TEMPERATURE CARBONIZATION REACTOR
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Based on the 25 tons/day (TPD) low-temperature carbonization pilot plant

in Hyderabad, the Government of India constructed a 900-TPD commercial plant

in Naspur, in 1979, in the state of Andhra Pradesh. 40 The plant consists of

three 300-TPD internally heated Lurgi-Sp61gas type carbonizers. For the last

9 years the plant has been producing smokeless domestic fuel. At present, the

condensable hydrocarbons are sold as a coal tar fuel, and a tar processing

plant wil] be built when the capacity of the plant is increased to 2700 TPD.

The char fines are briquetted, processed, and sold as additional smokeless

domestic fuel. The char and condensable hydrocarbons are in great demand in

the area where the plant is located. The Government of India is building a

second low-temperature carbonization plant of similar capacity at Dhankuni in

West Bengal. This plant will be based on an externally heated moving-bed low-

temperature carbonization process.

Horizontal moving-bed processes that have been operated commercially

include: the Disco process (Figure 1-39), which was run successfully by the

Pittsburgh Coal Carbonization Company to produce domestic fuel from Pittsburgh

Seam coal until the 1950's; the Mimura (Figure 1-40) and Wanishi processes,

operated in Japan before and during World War II; and the Lurgi-Ruhrgas

process (Figure 1-41), which is still active in Germany and the United

Kingdom. The latter, although classified here as a horizontal moving bed, is

actually a rapid carbonization process, which combines a double-screw mixing

chamber with an entrained bed to process weakly caking coal or oil shale. A

demonstration plant using the Hayes process (Figure 1-42) was operated by

Allis-Chalmers in the 1930's to produce smokeless fuel. Pilot plants using

horizontal moving-bed technology have also been built in the United States

[University of Kentucky, Toscoal (Figure 1-43)], and Germany (Humboldt

Sand). The Toscoal project, which was recently suspended, involved the use of

heated ceramic balls to bring heat to the coal bed in a reactor resembling a

ball mill. Illinois No. 6 coal was used as a feedstock.

Conveyor-type moving-bed plants that have been operated in the United

States include Storrs (Figure 1-44), which used a moving grate to produce

smokeless fuel from Utah bituminous coal; Dravo Straight-Grate (Figure 1-45),

which processed a pelletized mixture of bituminous coal and limestone to yield

a solid boiler fuel; and Flat-Bed (Figure 1-46), a pilot plant built in

St. Louis in 1959 to produce industrial fuel. The Dravo process is the most
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Figure 1-43. SCHEMATIC DIAGRAM OF TOSCOAL LOW-TEMPERATURE
CARBONIZATION PLANT
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recent, the project having been suspended in the 1970's. lt is reported that

a commercial-scale plant (LFC) using a rotary roof with suspended rabble arms

to move the coal across a stationary grate is presently under construction in

- Colstrip, Montana, to process subbituminous coal into liquid fuels and char

7
for power generation.

" Fluidized-Bed Processes

Fluidized-bed gas-solid contacting allows for improved mixing, heat

transfer, and throughput in the mild gasification of coal. In the past, the

processing cf agglomerating coals required either pretreatment of the coal,

dilution with some noncaking solid, or staged heating to avoid upsetting the

fluidized-bed properties. However, recent research and development related to

the KRW, and U-GAS coal gasification processes has demonstrated that caking

coals, including the Pittsburgh seam coals, can be successfully processed at

specific throughput rates of up to 1600 ib/ft2-h, in single-stage pressurized

gasifiers.

The Hayashi fluidized-bed carbonizer operated commercially in Japan in

the late 1950's, processing bituminous coals to yield char, tar, and medium-

Btu gas. Extensive work has been done by the FMC Corporation on the COED

process (Figure 1-47) and related processes including COGAS, COCHAR, Seacoke

(Figure 1-48), and FMC Coke (Figure 1-49). This family of designs uses staged

fluidized beds, which allows the processing of caking coals. Several coal

types have bee,] studied, and further processing of the products have also been

the subject of several studies. The FMC Coke process presently produces about

115,000 tons/year of form coke from subbituminous coal at a plant in Kemmerer,

Wyoming. The product is used as a chemical reductant in the production of

" elemental phosphorus at Pocatello, Idaho.

The Consol process (Figure 1-50) was studied at the pilot scale from 1963

to 1972, using a stirred fluidized bed to convert coal to co-products.

Pittsburgh Seam coal was subjected to a solvent extraction step before feeding

to the carbonizer.

The Institute of Gas Technology operated the Singh process (Figure 1-51)

pilot plant in 1952 to convert hvbC coal to co-products, using a three-bed

system. The first fluidized bed was a partial oxidation step; the pretreated

coal was then sent to the second fluidized bed where it was mixed with hot
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char and fluidized with steam. The third bed was a combustion reactor to

generate the hot char for the mixing step.

Other fluidized-bed pilot plants have been built in the USA (United

Engineers and Constructors, Figure 1-52; Southern Research Institute,

Figure 1-53) and in France (Cerchar, Figure 1-54) in the 1950's. Bench-scale

- studies on low-temperature fluidized-bed carbonization have also been done by

the U.S. Bureau of Mines and by CSIRO in Australia (Figure 1-55).

Fluidized-bed technology generally produces higher yields of condensable

hydrocarbons than the fixed-bed or moving-bed designs. Advances in

fluidization research has provided the impetus for developing processes for

mild gasification of caking high-volatile bituminous coals.

Entrained-Bed Processes

In the entrained-bed design, pulverized coal is carried in a flow of

entraining gas while being rapidly heated. Both upflow and downflow

configurations have been used. Compared with fixed-, moving-, and fluidized-

bed designs, the method provides the most rapid heating of coal. It also

provides for rapid withdrawal of volatile products with minimum secondary

reactions. Methods have been devised for handling caking coals in entrained-

bed reactors, usually involving dilution of the coal charge with recycled char

or some other diluent.

The Occidental Research Corporation Flash Pyrolysis Process (Figures 1-56

and 1-57) was active until recently in the United States, originally as the

Garrett Flash Pyrolysis Process. Coal is entrained together with recycle char

heat-carrier into a downflow reactor. Bituminous and subbitumlnous coals have

been tested, and condensable yields have been reported up to 35% with

petroleum coke as heat carrier. Increased condensable yields from

subbituminous coal have also been claimed in the presence of CO 2 or steam,

when compared to nitrogen. The characteristics of the condensables show a

correlation between the yield and the degree of tar cracking that takes place

under different operating conditions. Table I-6 showed the yields and some

properties of condensables from Western Kentucky bituminous coal tested under

6various conditions.

The U.S. Bureau of Mines operated a pilot plant using the Parry process

(Figure 1-58) in the 1950's. An upflow entrained bed was employed to process
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Texas lignite; heat was provided internally by combustion of a portion of the

coal feed. Tests were also conducted with bituminous coals.

Summary of Published Process Data With Emphasis on Bituminous Coal

• Product Yields and Quality

Fixed-bed reactor systems, many of which are based on modified coke

% ovens, have been designed to use any coal particle size, since these are batch

systems that necessitate some form of physical dislodging of the residual coal

mass -- agglomerated or not. Some designs call for lump coal or briquettes.

Moving-bed reactors generally require briquettes or larger particle sizes,

although conveyor or moving grate designs can tolerate a wide range of

particle sizes. Fluidized beds are limited to smaller particles, less than

one-fourth inch in diameter, to accommodate the dynamic properties of the

bed. Entrained beds prefer smaller particles, in the pulverized fuel size

range (that is, 70% below 200 mesh).

Figure 1-59 shows the char yields reported by Protopapas et al. 7 for the

various process types plotted against reactor temperature. Since the types of

coal, the design of reactors, and the operating conditions vary considerably,

there is a great deal of scatter in these data. In general, it can be seen

that char yields at a given temperature tend to be the highest for fixed beds

and lower for moving, fluidized, and entrained beds, although there is

considerable overlap. For a given contacting method, the char yield decreases

with increasing temperature and reaches an asymptotic value as the extent of

devolatilization levels off in the region of 1300 ° to 1400°F. The higher

yield of char in the fixed beds (slow heating/large particles) is caused by

the generation of secondary char through cracking or graphitization of the

heavier tar components to form carbon and light volatiles. Figure 1-60 is an

illustration of the progression of carbonaceous structures from coal oil to

graphite under carbonization conditions. 41 The degree of the progression is
&

driven downward in the figure by conditions that favor cracking reactions,

such as large particles, slow heating, the presence of active surfaces, and

increased temperature.

The volatile matter of the char product was seen in Figure 1-13 to

decline with temperature regardless of the contacting method. This is

consistent wlth Howard's interpretation, in which he states that the degree of

devolatilization depends primarily on the maximum devolatilization temperature
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( Grophltazoble precursors)

OIL Liquid(low viscosity)

TAR Liquid(highviscosity)

PITCH Solid(glassy)

MESOPHAS£ Solid (glass with orientational order)

i
CARBON Solid (paracrystalline, turbostratic)

i
SYNTHETIC Solid (polycrystalline)
GRAPHITE

Figure 1-60. PROGRESSION OF CARBONACEOUS MATTER FROM COAL OIL
TO GRAPHITE 41

1-85



attained, regardless of the heating rate. 1 Other effects on the char quality

were discussed previously, in the sections on fundamental coal devolatiliza-

tion studies. The heteroatom content of the char was seen to decrease with

increasing temperature and residence time.

The physical properties of char are also dependent on the process

conditions, particularly the rate of heating. Rapid heating, with the 4

attendant rapid expansion of escaping volatile matter while the coal is in the

plastic state, produces a porous, expanded char particle that has a higher

surface area, and thus is more reactive than char produced at a similar set of

conditions under slow heating. Photomicrographs of chars produced under three

rates of heating were displayed in Figure 1-17. The chars produced in

fluidized or entrained beds display the characteristics typical of a high

heating rate, that is, reduced particle density, higher surface area, and a

characteristic "cenosphere" structure.

The condensable hydrocarbon yields from the bench-scale to commercial-

scale processes surveyed vary considerably, due to differences in process

conditions as well as the differences in measuring and reporting the yields.

Figure 1-61 shows that no clear trend appears from the entire data from the 36

coal carbonization processes reviewed (from Table I-ll), when the tar/oil

yields are plotted as a function of temperature. The yields varied from 2% to

33%, with an average value of 11.6%. More useful data on condensable yields

have been obtained from laboratory studies under controlled conditions, as

previously discussed. Maximum tar yields from bituminous coals have generally

been observed to take place in the region of 1100 ° to 1300°F (593 ° to 704°C),

although in most cases the liquid yield reaches an approximate plateau in this

region. Increased pressure has a suppressing effect on tar yield, except in

the presence of a substantial concentration of hydrogen, which tends to

increase yield by stabilizing reactive species. It has been established that

char, due to its high active surface area, promotes the cracking of tars in

the presence of inert gas. The work at Occidental 6'31 identified how rapid-

rate heating and the use of reactive gases could be used to minimize this

secondary decomposition. Rapid heating techniques produce the highest tar

yields obtainable to date, due to the suppression of secondary decomposition

reactions; the tars thus produced resemble the original coal structure more

closely than conventional low-temperature tars, yielding more pitch and
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containing a higher proportion of heteroatoms. These tars have proven

difficult to hydrotreat for substitute fuel production, and may be more useful

as a source of nonfuel materials (chemicals, binders, engineering materials)

through a series of fractionation procedures.

The gas-phase product from a mild gasification process will vary,

depending on the introduction of gases to the reactor system. The use of

recycled fuel gas, flue gases, steam, or air will strongly influence the

quantity and heating value of the gas produced. Figure 1-62 plots the heating

value of the product gas against temperature for the processes listed in

Table 1-10 which employ external heating. The calorific value of the product

gas clearly declines as the temperature is increased. Referring to

Figure I-ll, methane evolution at lower temperature will gradually be replaced

by H 2 and CO x evolution as temperature increases, although this pattern is

strongly dependent on the rank of the parent coal, as well as the degree of

tar cracking that occurs. Since low- to medium-Btu fuel gas at low pressure

is a low-value product, it is best Utilized as an in-plant energy source, and

conditions that tend to favor the conversion of liquid products to gases (that

is, slow heating, high pressures, high temperatures) should be minimized.

Comparison to Oil Shale Convers_n Processes

It is apparent that retorting of oil shale to produce condensable

hydrocarbons and fuel gas is conducted at operating conditions similar to

those visualized for mild gasification of coal. Extensive research and

development were conducted during the 1970's to advance shale retorting to

produce substitute fuels. However, the recent decline in crude oil prices has

considerably slowed down this effort. Because of the similarities between

mild gasification and shale retorting, the latter was reviewed to determine

whether existing technologies may be suitable for, or could be modified for,

application to advanced mild coal gasification. A summary of the oil shale .

retorting processes and their status, extracted from a recent IGT report to

the International Gas Union, are summarized in Appendix A. In the past, oil

shale retorting technologies have been applied to coal carbonization processes

such as the Toscoal and Rexco processes, both of which employ slow heat-up

methods. In general, the current large-scale operations, such as the Union

Oil of California's process, the Soviet Union's Kiviter retort, the Lawrence

Livermore Laboratory's process, and the Peoples Republic of China (PRC)
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retort, all employ countercurrent gas-solid contacting methods, which are the

PRC retort all employ countercurrent gas-solid contacting methods, which are

known to be slow heat-up processes that are well suited for substitute liquid

fuel production. Since the market assessment study has indicated that with

the soft oil prices, the value-added benefits for the coal-derived products

can be found for specialty chemical feedstocks such as pitch, creosote oil,

naphthalene, and form coke, it is decided to adopt a rapid coal heat-up

technique for the conceptual mild gasification process. Besides, the emphasis

of this study being on the utilization of the caking eastern high-volatile

bituminous coals, the moving bed and the rotary reactors that were

successfully applied to shale retorting are considered to be unsuitable for

processing caking coals. Consequently, no further efforts were made to study

the principles and applications of the shale retorting know-how to mild

gasification.

Conclusions Leading to the Selection of a Range of Operating Conditions

and Reactor Design Criteria

The selection of process conditions is dependent upon the desired product

slate. Slow heating will favor crackin 9 of the condensable hydrocarbons, thus

producing more fuel gas, more char, and a condensable product that resembles

low-temperature tar, such as that produced by the Coalite process. 28 On the

other hand, rapid heating favors the conservation of primary tars thus result-

ing in a higher yield of condensables that resemble tar from the Occidental

Research Corporation Flash Pyrolysis Process. 6 Table I-ll shows a comparison

of typical products from these two processes. It is evident from this table

that aromatics can be selectively produced by rapid heating of coal.

Eastern bituminous coals have been found to produce the highest yields of

condensable hydrocarbons upon devolatilization. The Eastern coal basins with

the most extensive reserves are closest to the major population centers of the

Eastern United States. Since these coals contain high sulfur levels, they are

becoming increasingly difficult to market as utility boiler fuel without

extensive chemical treatment for environmental reasons. If these coals can be

utilized in an environmentally acceptable manner, they will become prime

candidates for mild gasification; however, the gases, liquids, and char

products will contain significant quantities of sulfur.
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Table I-ll. COMAPRISON OF TYPICAL CONDENSABLES FROM COALITE AND

OCCIDENTAL FLASH PYROLYSIS

Process

• Property of Tar Coalite 28 Occidental 6

Run No. NA 175

%

Yield, wt % dry coal 9.0 25.0

Specific Gravity 1.029 1.143

Moisture, wt % 2.2 (mar)

Ash, wt % 0.i (maf)

Elemental Analysis mar wt %

C 84.0 78.8

H 8.3 7.1

S 0.74 1.7

N 1.08 1.8

O 5.78 10.6

H/C Atomic Ratio 1.18 1.07

Toluene-Insolubles 1.2 18.0

Distillation Range, °F Cumulative wt %

5550 44 ~I0

551-580 67 -25

680-end point NA -49

Total Pitch (wt % of tar) 26.0 53.3

In the literature, frequent mention is made of comparing the "quality" of

- devolatilization liquids from various types of experiments at different sets

of conditions. Often, the meaning of the term "quality" is determined by the

- goals of the project rather than by an objective criteria. Since the majority

of coal devolatilization investigations, other than those aimed at acquiring

fundamental coal chemistry information, have been tied to the common goal of

producing substitute fuels f_om coal, this has been the basis of a subjective

evaluation of the quality of condensables produced. The condensables of "high

quality" are often considered to be those with high H/C ratio and low

molecular weight, because these properties reduce the requirement for further

upgrading to liquid fuel feedstocks. However, this viewpoint may be
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misle:a%n9 if the goal of the investigation is to produce a product slate that

can show the potential value-added benefits in the current market.

Prior to the Second World War, coal was the primary source of many

carbon-based chemicals, as well as fuel forms. The post-war shift to

petroleum-based chemistry, combined with the dwindling availability of coke-

oven by-product tars, resulted in the decline of coal-based products in the o

marketplace. However, the products that can be made from coal via mild

gasification include some which may command market prices exceeding their fuel

value, if the markets can be shown to be sufficiently large and accessible.

These products, which will be discussed in more detail under Subtask 1.2,

include phenols, BTX, creosote oils, and pitch. With this in mind, the

"quality" of the condensable devolatilization products takes on a different

meaning, and products that may have been labeled as "inferior" under previous

studies must be reevaluated.

m,

The temperature range, which can be defined as "mild, covers a range of

about 900 ° to 15000F (482 ° to 816°C). Below this temperature, coal devolatil-

ization is limited and slow in the absence of catalysts, solvents, high-

pressure hydrogen, or some form of chemical pretreatment to yield appreciable

quantities of high-value products; above this range, devolatilization is

essentially complete, and further conversion of coal carbon necessitates the

pursuit of more severe steps such as steam-oxygen gasification or CO2-oxygen

gasification. In the devolatilization temperature range, there is also a

degree of flexibility regarding the product slate; for example, phenol yields

are favored by lower temperatures, and pitch yields are favored by higher

temperatures.

The pressure range for mild gasification will be restricted to the lowest

practicable pressure for the reactor system chosen, since the favorable

effects of increased pressure 42 in the presence of reactive process-derived

fuel or flue gases do not appear to be appreciable in the temperature range

chosen.

The fuel gas produced by the process, together with hot flue gases

produced by combustion of coal, char, excess fuel gas, or some combination of

all three, provides a convenient source of reactor gas medium which may

enhance tar yields when compared with inert gas. This gas mixture would

1-92



contain H 2, CO, CO 2, H20, CH 4, and other hydrocarbons, of which H 2, CO 2, and

H20 would be expected to favorably affect the product yield and distribution.

As will be discussed later, process conditions that favor maximum yield

of condensables within the range of conditions defined as "mild gasification"

appear to be the most technically and economically promising. For this

reason, a reactor system that uses small particle sizes and rapid heating

rates will be selected as a candidate for process development. The use of

sulfur-capture additives, possibly lime or siderite, will De reserved as an

option, depending on the sulfur content of the products and their end uses,

and also on the effects of the additive on the yield of condensable products

and sulfur content of char. The know-how exists 43 to process caking coals

without oxidative pretreatment by maintaining an inventory of diluent char in

the fluidized bed.

The KRW and U-GAS processes were able to feed highly caking Pittsburgh

Seam coal into fluidized-bed reactors of 12-inch and 8-inch ID, respectively.

During the development of the U-GAS process at IGT, it was learned that

feeding caking coals was easier when the atmospheric-pressure 3-ft-ID PDU was

operated, compared to the high-pressure 8-inch-lD PDU. 44 Hence, the operation

of conceptual commercial reactors, with estimated diameters of up to 12 feet,

with caking coals should be much less difficult than conducting laboratory or

PDU tests with these same coals.

Steam pretreatment of the coal will also be reserved as an option for

study to further improve liquid yields_

lt is apparent from reviewing the various types of mild carbonization

processes that the existing technology is not deriving the benefits expected

for an advanced mild gasification process. _he fixed- and moving-bed reactor

processes employ large particles and slow heat-up rates. Even though the

" reactors are simple in design their cyclic operation is cumbersome, and they

may have to be significantly modified to meet New Source Performance Standards

(NSPS). Processes that burn condensable volatiles are unsuitable to achieve

the goals of mild gasification. Most of the commercial fluidized-bed reactor

processes inject air into the reactor to supply the energy for coal devolatil-

ization at the cost of condensable hydrocarbons productions. Fluidized-bed

processes that employ a recirculating stream of inert solids or char are

complicated in design and operation. The entrained-bed processes have the
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disadvantage of requiring finely ground coal with the associated risk of

contaminating the condensables with carry-over char fines. _he Occidential

entrained pyrolysis process, operating without an oxidant in direct contact

with the feed coal, meets most of the mild gasification process requirements.

As stated earlier, it requires fine grinding of coal, may result in high

carry-over of char fines, and, also, the commercial designs show heat being

supplied to the feed coal by circulating partially combusted char. Based on

these observations, it is concluded that an advanced reactor design, capable

of processing all types of coal -- coarse and fine coal particles at rapid

heat-up conditions -- preferably without a circulating char stream, and

introducing little or no oxidant into the reactor, is worthy of development.

An advanced reactor system of this type will not only maximize the condensable

hydrocarbons yields, but also will operate continuously at high throughput

rates.

20WP/61089trl/RPP
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Subtask 1.2. Literature Survey of Charf Condensables r and Gas Upgrading and

Utilization Methods

Objective

The objective of this task is to review the properties of char,

condensable hydrocarbons, and gases produced by the mild gasification of

" typical bituminous coals; identify potential areas for their use; and examine

possible ways in which these products may be improved to make them attractive

to potential users.

Char Upgrading Methods

The properties of the char will depend on the characteristics of the

parent coal, the severity of the mild gasification employed, the physical

sizing of the coal feed, and the changes in particle size and surface

characteristics occurring during gasification. Potential uses of the char

will depend on its properties and the degree to which these properties can be

economically improved through upgrading treatments.

Char Properties and Product Specifications

The char properties influencing its potential use are: chemical composi-

tion, gross particle size distribution, and surface characteristics, as

influenced by internal pore volume/area and surface reactivity. Other

properties such as mechanical strength, bulk density, and combustion

reactivity are also important in meeting specific storage, handling, and use

requirements. Because of the variable nature of the parent coal, these

properties will not be constant and indeed will show wide variation.

Char product specifications reflect this variability and have been

- developed on the basis of market requirements. For example, the most widely

used char product is metallurgical coke. The specifications reflect a

- compromise between properties desired by the user industry and those

economically attainable with available feed coal blends and coke-making

processes.

Table 1-12 illustrates the properties of chars derived from two

severities of fluidized-bed mild gasification for each of three typical high-

volatile bituminous coals. 14'45 The table shows the expected increase in ash

content and sulfur content on a Btu basis, as well as a reduction in size of

the char.

_ 1-95

_.



1-96



For comparison, Table 1-13 illustrates the properties of a typical coke

(char) intended for blast furnace reduction of iron ore. In comparing these

mild gasification chars and the metallurgical-grade coke, the most noticeable

" characteristic is the higher sulfur and ash contents of the mild gasification

char, which reflects the corresponding assay of the feed coals. In addition,

. there are marked differences in physical form between the low-density, small

particle-size char and the high-density, high-strength coke. Converting the

char to form coke will improve the physical properties of the mild gasifica-

tion char; however, the high sulfur content may require lime addition, either

to the blast furnace or to the molten metal, to avoid sulfur contamination of

the iron. If lime is used as a sulfur-capture additive in mild gasification,

the form coke made from the lime-char mixture will have the inherent

capability to absorb the residual sulfur contained in the char.

Table 1-13. CHARACTERISTICS OF BLAST FURNACE COKE

Metallurgical Coke
I II III

Property 3.0 in. 2.5 in, 1.5 in.

Tumbler Strength, %* 85 85 85

Abradability, MI0, %* 6 6 6

Moisture, % of raw product 1.5 ± 0.5 2.5 ± 0.5 3.5 ± 0.5

Ash, % 8.5 ± 0.3 8.5 ± 0.3 8.5 ± 0.3

Sulfur, % of dry product 0.9 ± 0.03 0.9 ± 0.003 0.9 ± 0.03

Volatile Matter, % of dry

product less than 1 less than 1 less than 1

Alkali, % of dry product** 0.26 0.26 0.26

Bulk Density, ib/ft 3 .... 27

*

According to DIN 51 717, conforming with ISO/R-1967.

Content of Na20 and K20 determined in different plants.

Char produced for different end uses will have requirements which reflect

the historical requirements for the particular use. For a number of these end

uses, an upgrading of the gasification char through reduction in sulfur and

ash content, adjustment of particle size, etc., will be required. Potential

methods for upgrading char are described in the following section.
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Conventional Upgrading Technologies

Upgrading requirements for the char parallel those normally employed for

improving the quality of the parent coal. These include concentration of the

carbonaceous material by the rejection of mineral matter (ash), reduction in

sulfur content (generally inorganic sulfur), and adjustment of particle size

and distribution.

The as-mined coal will normally contain rocks, soil, and other mineral

diluents. These are customarily separated by crushing and screening the coal

and subjecting the sized material to a mineral removing step. Conventionally,

this step could involve either gravity separation or flotation. In gravity

separation, the difference in specific gravities of coal and minerals is

utilized to separate the two. Flotation makes use of surface property

differences, coal being generally hydrophobic and minerals hydrophilic.

Gravity Separation Methods

Gravity separation methods may be classified under two general groupings:

those that use water and those that use a higher specific gravity medium. The

latter group is also known as heavy-medium or dense-medium separation. The

heavy medium usually consists of a suspension of finely ground solids in

water. Magnetite, with its high density and magnetic properties favoring its

near complete recovery, is the most common choice for the preparation of the

heavy medium.

Flotation

This is a method in which air bubbles are introduced and made to attach

to the coal particles, thus reducing their effective density and allowing them

to separate (float away) from the heavier minerals.

These conventional cleaning methods are generally effective in reducing

the mineral content of coal. They are less effective, however, with char.

This is due in part to the change in surface properties of the char with

respect to the coal and because of the tendency for caking coals to become

plastic during heating and encapsulate the mineral particles within the

carbonaceous residue. In addition, these physical separation methods, which

reject mineral-phase sulfur (pyrites), do not reject organic sulfur within the

coal. The organic fraction of the sulfur in coal could constitute as much as

50% of the total sulfur.

1-98

_



Advanced Upgradin_ Technologies

Several advanced technologies for upgrading coal to reduce its ash and

sulfur content are now being vigorously researched by various national and

international organizations. Some of the noteworthy processes are as follows:

• Selective agglomeration

• Advanced dense-medium processes for fine coal, also known as true liquid

gravity separation

• Advanced flotation-microbubble flotation, column flotation, etc.

• Selective flocculation

• Electrostatic separation

• High-gradient magnetic separation

• Chemical coal cleaning processes

• Ultra-high-temperature pyrolysis.

The following paragraphs describe the processes, discuss their status of

development, and discuss potential limitations for both coal and char

upgrading.

Selective Agglomeration

Coal particles are water-repellant, but show an affinity to oil or other

liquid hydrocarbons. Vigorous agitation of a coal-water slurry containing

immiscible hydrocarbon results in the collision of hydrocarbon-coated coal

particles to form flocs on agglomerates, with the hydrocarbon acting as the

bridging fluid.

. This process, termed spherical agglomeration, has been proven to be

effective in recovering fine coal including ultra-fine particles. The clean

. product is relatively free of water, as water is also separated by evaporation

if a thermal hydrocarbon recovery step is used. Economical hydrocarbon

recovery is a requirement of the process.

The technology was originally developed using a heavy petroleum product

as the bridging liquid. 46 Recovery of the heavy oil was not practical and it

therefore was left in the coal product. With the rise in oil price relative

to coal, recovery and reuse of the oil is required. A modified process using

lighter hydrocarbons (such as heptane) for the primary flocculation is
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expected to facilitate hydrocarbons recovery, minimize its loss, and improve

the processes economic viability. 47

The selective agglomeration process has proven to be very effective for

nearly total rejection of the ash portion that is not encapsulated with coal

matter; ash contents as low as 2% have been achieved. The tailings comprise

close to 95% of noncombustibles, indicating a nearly total energy recovery in

the saleable product. Selective agglomeration coupled with froth flotation

can reject all separate mineral particulates, including the fraction of

sulfur-containing pyrites which are contained externally to the coal

particles. The technology is not useful for the reduction of organic sulfur,

which can account for 50% of the total sulfur in the raw coal.

The National Research Council (NRC) of Canada has developed the process

of selective agglomeration and tested it through pilot plant scale. The

Arcanum Corporation of Ann Arbor, Michigan, has the NRC license for use of the

process in the United States. Bechtel National, Inc., in cooperation with

Arcanum, is testing the process under a current DOE-funded program.

Bechtel/Arcanum have proposed a two-stage approach that uses heptane in

the first stage to make micro-agglomerates. In the second stage, the micro-

agglomerates are enlarged using a low shear mixer and a heavy oil binder. The

heptane is recovered by evaporating and condensing the vapors. The binder

remains with the product cleaned coal.

It is doubtful that this process will be directly applicable for char

upgrading, because the process depends heavily on the natural hydrophobic

surface characteristics of coal. When the coal is devolatilized, the

resulting char particles may no longer exhibit the required hydrophobicity.

The process is, however, applicable to precleaning of the coal prior to its

mild gasification.

Advanced Dense-Medium Separation

Dense-medium processes have been applied extensively in the coal

preparation industry, and have proven to be flexible and effective for gravity

separation of coal from the heavier mineral matter. For coarse particle sizes

(+i/4-inch size), dense-medium vessels are used. For particle sizes down to

100 mesh, dense-medium cyclones that increase gravitational forces to

accelerate the separation of fine particles are employed. However, as the
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size of the particles to be treated approaches the size of the magnetite

particles (325 mesh X 0) used to formulate the dense medium, an effective

separation can no longer be made. Therefore, in recent years, interest has

. grown in replacing the magnetite-water medium with a heavy liquid (organic

liquid or homogeneous aqueous solution with a specific gravity in the range of

. 1.2 to 1.9) so that the use of cyclones can be further extended to clean

particles down to zero size. Heavy-liquid cycloning refers to the centrifugal

separation of coal from mineral matter and pyrite by exploiting differences in

their specific gravities using a true heavy liquid rather than a suspension.

This technology is still in the pilot-plant stage. 48 The recovery of

solvent used as the cleaning medium and safety in solvent handling are

critical items of concern.

With respect to the extent of upgrading, this process could be comparable

to microbubble flotation, even though the operating principle of the dense-

medium process is based on specific gravity rather than surface

characteristics.

For applicability to char, data specific to the char would be needed,

since particle densities may be altered during mild gasification. Unless data

for a specific char sample indicate potential of specific gravity separations

as a viable option, this process has to be ruled out for the general run of

chars.

Advanced Flotation

Most of the advanced flotation processes currently under development use

microbubble technology. Microbubble flotation is a further development of

conventional froth flotation. Flotation of coal, as currently practiced, uses

large mechanically agitated cells. These cells exhibit poor selectivity for

particles sizes below 100 mesh. In the production of ultraclean coal, ash

liberation requires the coal to be ground to the ultra-fine range. Ultra-fine

coal flotation requires extremely small bubbles and a means to impart adequate

forces at the bubble-solid interface to produce coal-to-bubble attachment.

A study at Bergbau-Forschung 49 has resulted in the development of large-

capacity pneumatic microbubble cells with several unique features in bubble

generation, coal-to-bubble attachment, separation of froth and slurry, froth

removal, etc. A I-TPH proof-of-concept plant was recently tested at the EPRI
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coal cleaning test facility at Homer City, Pennsylvania, by Bechtel National,

Inc. 50

The microbubble process using the Bergbau-Forschung machine has been

operating successfully since 1982 in Germany. It performs well with coal

particles below 9 microns in size. Coupled with the ability to selectively

separate ultra-fine coal and refuse materials, microbubble flotation lends

itself to improvement by use of developing techniques in pyrite suppression

and "reverse" flotation.

The equipment and the reagents used in microbubble flotation are both

relatively inexpensive. Energy consumption is well within acceptable limits.

Unit capacities up to 20 TPH are currently available and have been operated

successfully for less severe cleaning operations, yielding a product with up

to 8% ash. Designs have been developed for deep cleaning (2% to 4% ash);

however, energy recovery levels at low ash levels is extremely coal-specific.

For the Midwestern coals considered (Pittsburgh No. 8 and Illinois No. 6),

clean coal at 4% to 5% ash can be produced at acceptable energy recovery

levels (80% and higher) with a significant reduction in the pyrite sulfur, lt

is recommended that this advanced technique be used on coals after their

initial treatment in a conventional plant to remove mine rock and easily

removed impurities.

There are no data on the applicability of microbubble flotation to char;

however, it is doubtful that this process, which also uses the hydrophobic

surface characteristics of coal, will be directly applicable to char. In

fact, even for coals with partially weathered particle surfaces, the

effectiveness drops steeply.

Selective Flocculation

Flocculants have been identified by Battelle Columbus 51 that

preferentially and selectively flocculate coal in the presence of minerals,52

including pyrite. Research is being continued by Ohio State University.

Basically, the process follows four steps:

i. Dispersion of coal and mineral matter with surfactants

2. Addition of polymers that selectively attach themselves to the coal

particles and flocculate them
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3. A conditioning step in which the flocculated coal particles are allowed

to grow in size, thus enhancing their settlement in the next step

4. Separation by settling.

" The flocs are relatively fragile and may contain trapped mineral particles

Researchers report encouraging results with selective flocculation•

Consumption of flocculants is relatively low, since the particles do not have

to be coated with the reagent. Point contact of the particles with the

molecular strings are sufficient. Several flocculants have been identified

that selectively react with coal particles. However, tests have been limited

to the bench scale, and the process has not been operated continuously.

The use of flocculants to enhance settling of solids is not new, but it

remains a very complex art. The effect of the flocculants is highly dependent

on the chemical and physicochemical system presented by a coal-mineral-water

mixture, which is subject to constant change. Researchers are still not

completely certain that all the phenomena affecting flocculation have been

understood. This is confirmed by the experience that it is very difficult to

maintain the process balance in the conventional clarification systems

employed in coal-cleaning plants. Control is currently maintained by trial-

and-error adjustment of reagent addition and pH control.

The four required process steps previously described underline the

sensitive nature of the process. Whereas the first three steps require

relatively simple process equipment such as tanks and agitators, the fourth

step, separating the flocculated coal, may require development of special

equipment for settling and thickening. Regardless of equipment used,

flocculated coal product will contain a relatively large amount of water and

" trapped minerals. High separation efficiency may require a two-stage cleaning

with repeated destruction of the flocs and dilution with fresh water. This

process is still in its infancy, although claims indicate that selective

flocculation could be as effective as advanced flotation for some coals.

No data are currently available on the applicability of selective

flocculation to coal char; however, the dependence of the process on the

surface characteristics of coal and associated minerals implies that

performance with char would be impaired.
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Electrostatic Separation

This is a dry process for which moist coal fines would require drying

before treatment. The process depends upon the difference in electrostatic

behavior (attraction/repulsion) of mineral and coal particles when subjected

to electrostatic charge. The process is still in the laboratory stage. 53 The

effectiveness of this process with char is unknown, as no test data appear to

have been published. However, the dry nature of the char should be an

advantage, although the drying of coal fines involves a potential explosion

and fire hazard.

High Gradient Magnetic Separation

High Gradient Magnetic Separation (HGMS) is a process that uses magnetic

solids separation technology to clean coal. HGMS can be used to separate

weakly magnetic as well as strongly magnetic solids down to extremely fine

particle sizes, in the micron range. Coal pyrite sulfur and commonly

associated amounts of mineral impurities are magnetically distinguishable from

pure coal. If these magnetic particles can be "liberated" and made to form

discrete particles by fine grinding, there is a good possibility of separating

them using HGMS. The process, applied to wet coal slurry, has been tested at

the pilot plant scale, lt appears to have potential for selective removal of

pyritic sulfur. The potential for direct upgrading of char by this method

does not appear attractive, however, because of the failure to remove

organically bound sulfur and because of the probable encapsulation of mineral

matter during the coal devolatilization.

Chemical Coal Cleaning

Chemically based processes have been investigated as a means to reduce
e

both pyritic and organic sulfur in coal. For most processes, no significant

removal of ash components is attained. Processes based on chemical attack on

the coal matter may be effective for char as well as coal upgrading.

The following list summarizes a number of illustrative processes

54
evaluated under a prior DOE program:

• Pittsburgh Energy Technology Center (PETC)

• Ledgemont

• Ames Laboratory
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• Jet Propulsion Laboratory (JPL), two versions of the process

o Guth Process (KVB).

The operating principles and characteristics for these six process concepts

are compared in Table 1-14.

• Coal preparation prior to chemical cleaning normally includes the

physical cleaning of all size fractions and size reduction by wet or dry

grinding. The major points developed in the assessment are summarized as

follows.

Three of the processes examined use a similar oxidation method to reduce

sulfur content. PETC, Ledgemont, and Ames processes are based on the general

unbalanced reaction:

FeS 2 + 02 + H20 _ Fe203 + H2SO 4

FeS 2 represents both mineral and organic sulfur content.

The PETC process uses compressed air as a source of oxygen. The

Ledgemont and Ames processes employ oxygen. Reactions in the three oxidation

processes are exothermic, and sufficient heat is created to maintain

conditions in the reactor.

The two JPL processes use chlorine gas as the sulfur-removing agent. The

separate processes, JPL-I and JPL-2, differ from each other in that the

earlier JPL-I process used methylchloroform as a coal transport fluid; the

later JPL-2 process uses water.

The Guth process (KVB) uses gaseous nitrogen dioxide in the presence of

oxygen to remove sulfur. Recovery of the chemicals used in the JPL and Guth

processes are important design requirements.

- All of the above processes require considerable engineering development,

and all are projected to cost from $35 to $50 per ton of coal cleaned

(expressed in 1980 dollars). The application of these processes to sulfur

removal from char appears possible, but would have to be verified for a

specific char.

Recent work reported under DOE Contract Number DE-AC21-87MC23290 by UCC

Research Corporation 55 claims deep removal of both ash and sulfur from char

when treated with chlorine gas at temperature ranging from 2000 ° to 3000°F.
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The practicality and economics of such a process remains to be demonstrated.

In the most recent development of the TRW Inc. Gravimelt process, coal is

treated with a 50/50 mixture of sodium and potassium hydroxides at

. temperatures of 1300 ° to 1355°F for approximately 3 hours. Nearly 90% of the

total sulfur and more than 95% of the total ash is removed. The sulfur and

mineral matter are converted to water-soluble compounds during the caustic

treatment step. 56 It is conceivable that the mild gasification char could be

desulfurized in a similar manner. This process is still under development.

As described by U.S. Patent No. 4,188,191, Longanbach and Robinson have

invented a total desulfurization scheme that operates by contacting char with

molten caustic.

Exposure of an Illinois No. 6 mild gasif:catio n char to further

devolatilization in a fluidized bed in contact with steam was shown to result

in a reduction in char sulfur content to about 0.7% by weight, down from 1.61%

by weight as reported for devolatilization at I100°F without steam. These

results were obtained in bench-scale studies carried out by Westinghouse under

EPRI sponsorship. 57 Other notable desulfurization schemes include the

extensive hydrodesulfurization of coal chars during 1965 to 1974, and the

development of the Meyers process to desulfurize coal.

Ultra-High Temperature Pyrolysis

Heating coal or char to extremely high temperatures (>2000°F) results in

almost complete liberation of coal volatile matter, and, along with it, sulfur

derived from both mineral and organic coal constituents.

Summary of Char Upgrading Methods

. Although selective chemical cleaning processes may be applicable for

reducing ash and sulfur content of chars, such processes generally entail

. either prohibitive costs and/or have limited ash removal capability.

The preferred route to ash rejection appears to be advanced physical

cleaning techniques applied to the coal prior to the mild gasification step.

The treating scenario illustrated in Figure 1-63 is suggested based on

published information on float-and-sink data for Midwestern high-sulfur coals.

The size consist of the product char from mild gasification will depend

on the feed coal sizing requirement and the mild gasification process
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selected. For some end uses, or for shipping convenience, a larger and more

uniform char-size may be required. This may be obtained by briquetting or

pelletizing the char using standard equipment and methods. Blending washed

, .coal with the hot char may assist in the briquetting, which could be

supplemented, if required, with tar or pitch separated from the recovered

. condensables, or even petroleum pitch, in case the coal-derived pitch has a

higher market value.

Some end uses of the char may require further size reduction by fine

grinding or pulverizing. These are standard processes, although some adap-

tation may be needed to accommodate the potentially flammable hot, dry char.

The mild gasification of coal will develop some porosity in the product

char to a degree that will depend on the parent coal and the processing

conditions. The surface characteristics and reactivity of the product char

can be modified by reaction of the hot char with steam or other reactant.

Increased pore volume and surface area may be desirable and may suit the char

for use as a low-cost activated carbon. As indicated in this discussion of

chemical cleaning, reactions of the char with steam may also serve to remove

additional bound sulfur.

Char Utilization Methods

The char product from mild gasification contains about 60% to 80% of the

feed coal heating value. For this reason, its disposal through sales to an

end user is critical to the economic viability of any mild gasification

project. 58

The following discussion identifies present and potential end uses into

which the char could be sold. The Subtask 1.3 Market Assessment report

discusses the potential value-added uses for the char in the present market.

- Although, as discussed in the prior section, it is possible to upgrade

the char by chemical or steam treatment to reduce char sulfur content, most

upgrading would significantly increase the costs of the char. The following

sections discuss the potential uses for the char as they relate to the char

properties.

I-I09



Utility Applications

A major potential use for the char lies in those areas normally served by

the feed coal. In the case of the high-sulfur bituminous coals, the primary

use has historically been fuel for thermal power generation. This market is

currently met by processing the coal through minemouth preparation facilities I

to reduce its mineral sulfur and total ash content.

The most probable scenario for utility application of mild gasification °

char calls for the use of the finer coal fraction (-1/4 inch) from the coal

preparation plant to feed a mild gasification facility. This material could

be fed directly or, if desired, its ash content could be reduced by an

advanced cleaning process. Previous work at Occidental Research Corporation

laboratories 59 and the present investigations at UCC 60 have shown that the

combustion characteristics of low-temperature carbonization char are similar

to or better than those of coal.

The illustrative scenarios for the use of char in power generation are

summarized in the following Figures 1-64 and 1-65, and discussed in the

following paragraphs and in more detail in Appendix C.

Fine Char From Entrained-Bed Mild Gasification

Pulverized Fuel Boilers. Fine char from an entrained-bed mild gasifica-

tion process would naturally integrate with direct hot feed to a pulverized

coal-fired steam cycle. Its use for this purpose may be affected by its

reduced volatile matter content, although hot feed would tend to lessen this

effect. Alternatively, the hot fine char could be blended with moist feed

coal and fed to the boiler through the conventional pulverizing mills and

burners.

Slagging Combustion Turbines. Hot fine char could prove to be an
q

advantageous feed for a dry-feed combustion turbine. The char could be

transported to the turbine combustor feed lockhopper in carbonization gas.

This eliminates the need for an inert gas to handle a fine preheated feed.

Entrained-Bed Integrated Gasification Combined Cycle. Hot, fine char

could prove to be an efficient feed for a dry-feed entrained gasification

system, such as the Shell Coal Gasification Process. The char feed could be

transported to the gasification feed lockhopper iri devolatilization gas. This

eliminates the need for feed drying and preheating, and inert gas purging and

blanketing normally required with a coal feed from atmospheric storage.

=
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Magnetohydrodynamic (MHD) Generation. Hot fine char provides an

efficient fuel for this advanced power generation system. The char could be

preferred to coal because its lower hydrogen content improves the inherent MHD

% efficiency by reducing water formation during combustion.

Formed Fuels. The hot fine char can be consolidated into more easily

handled forms by briquetting or pelletizing. These higher-density, low-dust

solid forms are desirable for char storage or transport. The briquettes or

pellets would also be suitable for blending with coal for shipment as a single

fuel, where handling specifications would preclude direct blending of the fine

char.

The formed char would also provide a suitable feed for moving-bed

gasification in processes such as slagging or dry-bottom Lurgi. The reduced

water and volatiles content of the char would eliminate problems with bed

agglomeration and tar recovery. The uniform feed size would eliminate the

need for coal fines separation from the feed.

Slurry Fuels. The fine char can also be slurried in water, oil, or

perhaps methanol or CO 2 for economical pipeline transport. The low inherent

water content of the char is an advantage in developing maximum slurry solids

content for transport efficiency.

Coarse Char From Fluidized-Bed Mild Gasification

The hot char may be ground for use as described above. The coarse

material is, however, directly suited for the following uses: circulated or

bubbling fluidized-bed boilers, circulating or fluidized-bed gasification

combined cycle, or coal blending.

Circulating or Bubbling Fluidized-Bed Boilers. The hot char product is

of a size consist directly suitable for use as feed to a fluidized-bed or

* circulating-bed boiler for steam cycle power generation.

Circulating or Fluidized-Bed Gasification Combined Cycle. The hot char

is suitable for direct-feed coarse-solids-feed gasification processes. As a

result of its being partially devolatilized, it will not have a tendency to

agglomerate, and this can simplify the design of the gasifier. Transport of

the hot char feed in devolatilization gas will also eliminate lockhopper

venting and purging as needed for coal feed from atmospheric storage.
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Coal Blending. The coarse uhar from mild gasification will have a

similar size consist as the fraction withdrawn from the coal preparation plant

to feed the mild gasification step. For this reason, the hot product char can

be directly blended with the balance of the treated coal from the preparation

plant with potentially beneficial impact on overall product size consist and

moisture content. The other effect will be a reduction in volatile matter and •

an increase in ash content.

Nonutility Applications

In addition to the above potential uses for char, which are directed at

the production of electrical power, the char may find other uses that have

historically been filled by coal- or petroleum-derived carbonaceous solids.

Identified potential uses are described below.

As in the above uses described for power generation, the most probable

source of char will be a mild gasification facility sited at a coal

preparation plant. The feedstock would normally be the finer fraction of the

size consist, which may be used directly or subjected to a coal cleaning step

for enhanced rejection of mineral matter.

Illustrative nonutility applications for the char produced are shown in

the following Figures 1-66 and 1-67, and are discussed in the following

paragraphs.

Fine Char From Entrained-Bed Mild Gasification

Pulverized Fuel Use. Efficient use of the hot char as withdrawn from the

mild gasification step would require the char production facility to be sited

adjacent to the user. This may be a suitable approach for large users such as

iron production or processing facilities, cement manufacturing facilities,

lime manufacturing, or other large-scale users of heat that can be provided by

a pulverized char fuel.

Entrained-Bed Char Gasification. The hot, fine char from the mild

gasification could provide an efficient feedstock for entrained-bed

gasification processes, such as the Shell Coal Gasification process. The gas

product could then be used all or in part for such uses as hydrogen generation

or synthesis gas production. Some hydrogen might be consumed in hydrotreating

portions of the liquid co-product. Synthesis gas could find application for

production of methanol or other chemicals.

I-i14



COAL LIOUIDS -_

COAL LIOUIDS

FLUID IZED-BED _| UPGRADING I
HOT GASIFZCATZON

COARSE
CHAR • HYDROGEN

l/4--in. • SYNGAS __ f_-_-IEMICALS "1• COGENERAT ION • METHANOL I
__

iii

PELLET IZ ING i
I
I

CHAR ACT IVAT ION
• WATER TREAT ING TYP ICAL

FORMED
• WASTE CHAR

PROCESSING USES

--"- A880100261=

Figure 1-66. NONUTILITY APPLICATIONS FOR CHAR FROM
ENTRAINED BED MILD GASIFICATION

1-11b



PLLVERIZED • LIHE KILNS 1

HOT CHAR FLEL USE • _ KILNS

-200 HESH I • BLAST FLRNACE • MI SCELLANEOUS
• METALS PROCESSING INDUSTRIAL .,,

COAL LIQUIDS "--7

[GAS I F I CATI ON UPGRADING

• HYDROGEN

• SYNGAS _ CPEHiCALS ]• COGENERATION • METHANOL

!

TAR • COKING

• WATER TREATIN_

._• WASTE / EXPORT F'UO_S ISTEAM PROCESSING I • DOMESTIC I
HEATING ., _

• INDUSTRIAL I

FUEL I

i ---- I

FORH COKE
SINTERING I

ONSTTE OR CLOSE •BLAST FURNACE "--_
PROXIMITY CHAR USE • FOUNDRY I

• OTHER I
TRANSPORTTO REHOTE I"_--'---POINTS OF USE

MOVING-BED I._. JGASIFICATION

A880 t0026P

Figure 1-67. NONUTILITY APPLICATIONS FOR CHAR FROM
FLUIDIZED BED MILD GASIFICATION

1-]16



Formed Char Products. The fine char can be made more manageable for

transporting to remote users by forming it into uniform briquettes or

pellets. In this form, the char may be suitable for export to foreign markets

where this type of fuel is commonly used to meeL both domestic and industrial

fuel requirements.

Metallurgical Uses. The char briquettes or pellets may be further
&

sintered and devolatilized to yield a "form coke" useful for metallurgical

processes, such as blast furnace production of iron or foundry, ore roasting,

and reduction processes.

Moving-Bed Gasification. The char in briquette form may provide an

efficient feedstock for gasification in a moving-bed process, such as the

British Gas/Lurgi slagging gasifier.

Blends for Processing. The partially devolatilized char may be used in

blends with coal for used as feed to coking processes, production of graphite,

and possibly for carbon electrodes. The blending of rapidly heated low-

temperature carbonization char with coal has been observed to significantly

improve the physical properties of the resulting metallurgical coke. 61

Activated Carbon. The hot, fine char that has been partially

devolatilized can be increased in surface area and pore volume by a controlled

reaction with steam. Such an integration with the mild gasification may

permit the production of a low-cost activated carbon for such uses as water

purification, waste treatment, air purification, and catalyst supports. A

char sample produced during free-fall devolatilization of an Illinois No. 6

coal in He at 1200°F, as a part of a State of Illinois coal research program,

was extracted with double-deionized water. The extract analyzed in the EP

toxicity list of metals including silver, barium, arsenic, cadmium, chromium,

mercury, lead, and selenium. It was determined that the concentration of

these elements were all below detection limit. Hence it is concluded that by

steam activation of mild gasification on char, it may be possible to produce

adsorbent carbon or char with the desired pore volume, pore size distribution,

and surface area.

Coarse Char From Fluidized-Bed Mild Gasification

In addition to the above uses for fine char, which can be supported by

further size reduction of the coarse char, the coarser char size consist makes

it immediately suitable for selected uses.
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Circulating or Fluidized-Bed Gasification. The hot, dry, and already

gas-blanketed char can provide an efficient feed to a fluidized-bed

gasification process. Its temperature and noncaking properties are

particularly advantageous in eliminating bed agglomeration and in reducing the

oxygen requirement.

Activated Carbon. The fluidizable size consist of the char facilitates

its steam activation in a fluidized bed and will yield a similar size consist

of activated carbon.

Summary of Char Utilization Methods

Char from the mild gasification process has potential applications in

both utility and nonutility end uses. The particular applications differ in

some respects for fine (-200 mesh) char, as produced by entrained-bed mild

gasification, and for coarse (up to I/4-inch) char, as produced by fluidized-

bed mild gasification.

Fine char could be employed as a direct feed for an onsite or across-the-

fence utility using pulverized-coal boilers, slagging combustion turbines,

entrained-bed gasification combined-cycle power generation, or magneto-

hydrodynamic power generation. The char could also be combined with

pulverized coal for feed to nearby pulverized-fuel boilers. For remote power

generation, the fine char would require size adjustment by pelletizing or

briquetting, or by hot blending with coal. The consolidated solid fuel could

also be used as a feed to a moving-bed gasifier. Fine mild gasification char

could also find use as a slurry fuel. In addition to the electric power

utility applications, the fine char could be utilized as a pulverized fuel for

other large industrial users or as a gasifier feedstock for hydrogen or

synthesis gas production. Fine char can also be used as a blending stock to

improve the properties of metallurgical coke produced from coking coals. In

the form of pellets or briquettes, the char can be used as a de stic or P

industrial fuel, or can be further carbonized to yield a form coke suitable

for metallurgical or chemical reduction purposes. By means of steam activa-

tion, the char porosity can be increased for use as an active carbon for air

and water purification, or for catalyst support material.

Coa[se cha[, which would be generated by a fluidized-bed mild gasifica-

tion reactor, could be pulverized by conventional means and fed to a

I-[18



pulverized-fuel boiler, used as a direct feed to a circulating or fluidized-

bed boiler or gasifier, or blended hot with coal to yield a utility fuel

product suitable for trans:port to remote points of use. As with fine char,

" the coarse char can be used to make fuel pellets or briquettes for eventual

processing into domestic or industrial fuel or form coke. The size consist of

the coarse char also facilitates its transformation into active carbon by

steam activation.

The recommendations for char utilization are given later, following the

discussion of the market survey results, as they are based on the supply

versus demand of the value-added products.

Condensable Hydrocarbons Upgrading Methods

The properties of the condensable product from mild gasification will

depend on many factors, including the type of coal processed, the temperature

of the mild gasification step, the particle heating rate, the solid and gas

residence times, and the composition of the gaseous medium. However, certain

characteristics will be held in common regardless of the processing

conditions, within the limits of mild gasification. The condensable liquids

will consist of a heavy organic phase, classified as ta__[;an aqueous phase,

denoted as liquor; and a volatile organic phase, which generally must be

recovered from the noncondensable gases by scrubbing, classified as light

oil. The characteristics of these condensable fractions are discussed below.

Properties of Condensable Hydrocarbons

Coal Tar

The heavy organic, or tar, portion will have certain key characteristics

" that will influence the approach to upgrading, among which are the following:

• Carbon-to-hydrogen (C/H) ratio

• Boiling point distribution

• Heteroatom (S, N, and O) content

• Viscosity

• Density

• Suspended solids content

• Tar acids and bases
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• Solvent fractionation analysis (oil, asphaltene, and pre-asphaltene)

• Quinoline insolubles.

Tables 1-15 and 1-16 compare some of the characteristics of tars from
• d

various sources with typical petroleum crudes. 62 It is apparent that, while

the coal-derived condensables are enriched in hydrogen compared to coal, their

C/H ratios are higher than that of crude oil. Figures 1-68, 1-69, and 1-70

show how the sulfur, nitrogen, and oxygen contents of the devolatilization

products from the COED process vary with the heteroatom content of the feed

coal. 63 All of these heteroatoms are present at reduced levels in the coal

devolatilization liquids, compared to the coal.

Table 1-15. COMPARISON OF COED FEED COALS AND CONDENSABLES PRODUCED 62

Western Kentucky

Feedstock Pittsburgh Feedstock

Raw Raw

Coal Pyrolysis Oil Coal Pyrolysis Oil

Ultimate Analysis (wt %, mf)

Carbon 71.3 82.3 73.8 82.9

Hydrogen 4.9 7.5 5.3 7.3

Nitrogen 1.6 1.2 1.2 0.9
Sulfur 3.1 1.5 3.9 2.3

Oxygen 8.6 6.3 7.4 5.9

Ash 10.5 1.2 8.4 0.7

API Gravity of Oil at 15.6°C -6.4 -7.4

Table 1-16. COMPARISON OF AN INDIAN COAL LIQUID AND PETROLEUM CRUDE 62

Coal Nahorkatija

Properties Syncrude Crude •

Analysis (wt %)

Carbon 85.8 86.7 "

Hydrogen 9.7 12.5
Sulfur 0.67 0.27

Nitrogen 0.71 0.05
Ash 0.012 0.015

C/H wt Ratio 8.8 6.9

API Specific Gravity at 15.6°C/15.5°C 9.5 29.5

Viscosity at 38°C (cSt) 60.95 5.8
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More detailed chemical characterization of the coal tar reveals the wide

range of chemical compound types that are present, and the variation in the

distribution of these products with the type of devolatilization conditions

that have been used. Irl a treatise on coal tar, 13 McNeil reviewed the

compositions of coal tars from coke ovens (>1840°F), continuous vertical

retorts (~I500°F), Coalite retorts (~I2000F), and Lurgi gasifiers. A

comparison of these tars is shown in Table 1-17. An examination of the

average United Kingdom data shows that the coke-oven tars have a higher

content of light oils, aromatics, and pitch, but lower phenols, cresols, and

xylenols (PCX) and tar bases compared to the low-temperature tar from the

Coalite process. This is consistent with trends indentified and discussed

earlier, under Subtask i.i.

It has been determined, in a DOE-sponsored study at the Massachusetts

Institute of Technology (MIT), 64 that the presence of a sulfur sorbent,

calcium oxide, in coal gasification tends to promote the removal of phenolic

oxygen, reduce the mutagenicity, and increase the H/C ratio of the

condensables. Tar comHonents in the molecular weight range of 350 to 600 were

fou:_d to be preferentially affected by cracking reactions.

Table 1-17. TYPICAL DISTILLATION CUTS FROM COKE-OVEN, CONTINUOUS

VERTICAL RETORT, AND LOW-TEMPERATURE RETORT TARS 13

Coke-Oven Tar CVR Tar LTC Tar

Range, Range, Range,

Product Cut OF Product Cut °F Product Cut °F

Light Oil _360 Light Oil 195-340 Light Oil _360

e_rbolic Oil 360-400 Carbolic Oil 360-460 Middle Oil 360-590

Naphthalene Oil 390-450 Light Creosote Wax Oil* 570-750 w

Oil 450-570

Wash Oil 465-555 Heavy Creosote Medium-Soft

Oil 525-680 Pitch Residue -

Heavy Anthracene Medium-Soft

Oil _570 Pitch Residue

Medium-Soft

Pitch Residue

Solidifies at 68°F (20°C) because of high paraffin was content.

1-124



Light Oil

The light oil portion, actually a mixture of volatile hydrocarbons that

are scrubbed from the gas after condensation of the tar and liquor, consist

principally of BTX and other low-boiling organic materials, which are also

found to some extent in the tar fraction.

Liquor

The aqueous, or liquor, portion of the condensables will contain most of

the ammonia, dissolved gases (CO 2, H2S, etc.), and a relatively small fraction

of the organic liquids, which are primarily water-soluble phenols.

Conventional Upgradin_ Technologies in Coal Carbonization

Coal carbonization has been practiced for metallurgical coke production

for more than 300 years, although recovery of liquid by-products did not

become an important consideration until the last century, when many uses for

tar chemicals began to emerge. The wide variety of by-products and chemicals

that could be produced is dramatically illustrated by the coal by-product tree

in Figure 1-71. The development of the by-product coke oven led to the

utilization of coal tar for the recovery of many substances that are now made

primarily from petroleum products. The technology for the recovery and

processing of coal tar, liquor, and light oils is well-established, although

the volume of such materials processed has declined greatly since the end of

the Second World War.

Perch 65 has reviewed the recovery of chemical products from coke ovens.

Figure 1-72 shows a flow diagram of a typical direct by-product recovery

plant. 20 In the conventional tar processing plant attached to the coke-making

" facility, the tar-, liquor-, and oil-laden coke-oven gas is subjected to spray

quenching with a flushing liquor derived from the condensate, consisting

" essentially of a solution of ammonia salts. The gas stream is cooled in two

or more stages to about 68 ° to 86°F (20 ° to 30°C), resulting in the

condensation of most of the tar and liquor. These phases are separated in a

decanter.

In some plants, ammonia is recovered by treating the liquor with an

excess of sulfuric acid, which results in the liquor becoming saturated in

ammonium sulfate from ammonia in the gas. The ammonium sulfate is then

recovere_ from the saturator device in the form of solid crystals. In other
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designs, ammonia is distilled from the liquor and incinerated; the economics

of the recovery scheme will dictate which approach is to be used.

Part of the naphthalene in the gas stream, if present in sufficient

quantities, is condensed in the final cooling stage and can be skimmed off or

extracted from the aqueous phase. The aqueous phase is recycled to the system

for further ammonia recovery. The balance of the naphthalene produced remains

with the tar fraction, from which it is recovered during tar fractionation.

The cool (70°F) liquor from the final cooler is generally treated with

lime or caustic to release free ammonia, which is then steam-stripped and

recycled to the saturator or the incinerator, depending on the option chosen.

The cooled gas exiting the coolers will be saturated with light oil

vapors; the method used to remove these is oil scrubbing, using either a

petroleum-derived oil or a distillation cut from the middle fraction of the

,!

coal tar as a wash oil. The light oil, sometimes termed "benzol, can then be

steam-stripped from the higher-boiling wash oil. The recovered light oil,

primarily BTX, can be sold as is or further refined to remove sulfur-

containing components by acid-washing or hydrotreating.

The recovered tar is fractionated by distillation to produce a number of

cuts, depending on the composition of the tar and the end uses desired.

Table 1-17 showed the typical distillation cuts from coke-oven tar,

continuous-vertical-retort (CVR) tar, and low-temperature carbonization (LTC)

tar. 13 These patterns are flexible to some degree.

In most continuous tar stills, the tar is filtered, dehydrated by heat

exchange, heated under pressure to ~680°F, then flashed to separate the oil

fractions from the pitch residue. Alkali is usually added prior to

dehydration to inhibit corrosion caused by tar acids (phenols). Figure I--73

shows the design of a typical atmospheric tar-distillation plant. 66 In some

cases, vacuum distillation is used.

Light oils contain benzene, toluene, and xylenes (BTX) or crude benzene

(5300°F), naphtha (300 ° to 375°F), and a creosote residue. The naphtha cut

also contains indene, which is valuable as a source of polyindei_e resins.

Pyridine bases and phenols, cresols, xylenols (PCX) also comprise part of the

naphtha fraction.
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The middle cuts (carbolic oils, naphthalene oils, etc.) from the tar

distillation contain the bulk of the tar acids (PCX) and bases. Phenols can

be recovered by treatment with aqueous sodium hydroxide (caustic soda),

resul_ing in an aqueous solution of phenols called "cresylate." The phenols r

can then be released, or "sprung" from the cresylate by reaction with CO 2.

Tar bases, including pyridines, lutidines, and picolines, can then be

recovered from the remaining tar by washing with sulfuric acid, followed by

neutralization with alkali and distillation of the basic oils.

Naphthalene, which is used for phthalic anhydride production, is also

recoverable from the middle oils. This is in addition to the naphthalene that

is condensed from the cooled devolatilization gases in the final spray-

cooler. The concentration of naphthalene in low-temperature tars, however, is

generally low, as shown in Table 1-18.

Higher-boiling fractions from the middle oil, and the heavy oil fraction,

are used primarily as feedstocks for creosote oil blends. Part of the middle

oil fractions can also be used as a wash oil for light oil scrubbing, as

described earlier. In some countries, anthracene oil is still recovered for

the manufacture of anthraquinone and dyestuffs, but this is no longer

practiced in the United States.

The coal tar distillation residue, or pitch, is a black glassy solid at

room temperature that softens gradually over a broad temperature range. The

characteristics of the pitch vary widely, depending on the source of the coal

tar from which it is derived. The crude pitch is often treated further by

simple heating or by air oxidation to improve its properties for various end

uses, such as binder for electrodes used in aluminum manufacture.

In addition to chemicals recovered from the tar, there is a small

quantity of organic material remaining in the liquor following ammonia

removal. These are primarily phenols, including dihydric phenols such as

resorcinol and catechol. These substances must be removed prior to the

disposal of the waste liquor, either by solvent extraction or by bacterial

oxidation. If solvent extraction is used, the phenols can be regenerated by

treatment of the solvent with aqueous alkali.
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Conventional Upgr@ding Technologies in Coal Liquefaction and

Petroleum Refining

Coal liquefaction processes have been developed to produce substitute

liquid fuels. For this end use, it is necessary to alter the characteristics

of the liquid product by increasing the H/C atomic ratio and by reducing the

heteroatom content. The methods by which coal tar can be upgraded in a

similar manner is based on conventional practice in the petroleum refining

67
industry:

• Hydrotreating

• Hydrocracking

• Catalytic cracking

• Steam cracking

• Reforming.

Crynes 62 reviewed the status of the treatment of coal liquids by these

methods in 1981. The following paragraphs include information based on that

review.

_drotreating

" " this is the treatment of a liquid feedstockAlso termed hydrofining,

with hydrogen under conditions favoring significant heteroatom removal, but

only limited hydrogen addition. Generally a separate treatment prior to more

extensive hydrogenation, the method uses metal oxide catalysts, usually cobalt

and molybdenum oxides on alumina, nickel oxide, nickel thiomolybdate, tungsten

and nickel sulfides, or vanadium oxide. Investigators at CSIRO have reported

significant improvements in condensables properties following hydrotreatment

using sulfided steelwool as a catalyst. 68

For coal-derived liquids, conditions for hydrotrea_ment are generally in

the temperature range of 570 ° to 800°F, at pressures between 1500 and

2500 psig. lt has proven especially difficult to remove nitrogen from coal

liquids by hydrotreatment. Condensable products from the COED pilot plant

have been extensively studied for upgrading to syncrude or gas turbine fuel.

Figure 1-74 shows distillation curves of the feedstock and product oils

from hydrotreatment with a nickel oxide-molybdenum catalyst on alumina at

720°F and 3000-psig pressure. The problem of catalyst deactivation has been
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noted to be significant with coal-derived liquids, which typically contain

finely divided high-ash char particles. It has also been noted in several

studies that the distribution of heteroatoms among the different boiling-range

oil fractions influences the success of heteroatom removal, with the lighter

fractions proving more susceptible to removal of sulfur, nitrogen, and oxygen.

Investigations at IGT with shale-derived oils have shown that, using a

commercial Ni/Mo (Cyanamid HDS-gA) catalyst, over 50% of the nitrogen content

could be removed by hydrotreating at 750°F and 2000 psig. This was increased

to 80% by acid-washing the hydrotreated oils. Nearly complete sulfur removal

69
was achieved during the hydrotreatment stap.

Hydrocracking

Hydrocracking refers to hydrogenation of the feedstock in the presence of

a catalyst, accompanied by extensive heteroatom removal and reduction of the

molecular weight of the feedstock. The usual catalysts include platinum on a

silica/alumina base and zinc chloride.

Coal liquids are more difficult to hydrocrack than petroleum feedstocks,

again because of the high heteroatom content, but also because of the high

level of polynuclear aromatics. Catalysts with high porosity and large pore

diameters are desirable to maintain catalyst activity under conditions of the

buildup of solid contaminants. The hydrogen consumption in hydrocracking is

typically about double for coal liquids compared to petroleum-derived liquids.

Studies of hydrocracking extracts from the Consol CSF process have been

conducted in batch and continuous reactors. Table 1-19 compares the results

of hydrotreatment (Co-Mo-Ni catalyst) and hydrocracking (ZnCl2) of a coal oil

from Consol's CSF process.

Hydrocracking results in a higher conversion of +750°F (+400"C) material,

lower gas make, and a much higher yield of distillate oils (C5-392°C). How-

ever, there are several problems associated with the use of halide catalysts,

including accumulation of ammonium salts in the catalyst, the large amount of

catalyst required, and the potential of corrosion in the presence of water.

In a study by Utah Power and Light for EPRI, tar from the cazbonization

of Utah high-volatile bituminous coal in a Lurgi-Ruhrgas reactor was subjected

to hydrocracking 36 to produce low-boiling distillates. The Lurgi tar, similar

in nature to rapid-pyrolysis tars from entrainment reactors, underwent about
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Table 1-19. COMPARISON OF RESULTS OF HYDROTREATING WITH

HYDROCRACKING OF A COAL-DERIVED LIQUID 62

Composition of Feedstock t wt % .400°C Residue

Hydrogen 6.82

Carbon 90.79

Nitrogen 1.17

Oxygen 1.07

Sulfur 0.15

Benzene Insolubles 3

Asphaltenes 30

Oil 67

Catalyst Data

Co-Mo-Ni (0.I, 6.8, 3.8%)

Property on Silica-Alumina ZnCI 2 Melt

Pressure, psig 4200 4200

Temperature, °C 441 427

Time, min 60 60

Catalyst/feed, wt ratio 0.3 1.00

Conversion, wt % feed 29.6 77.6

(Ci-C3)100/Conversion 13.4 9.5

Distillates

(C5-150°C) 7.0 52.5

(150°-200°C) 1.7 10.4

(200°-400°C) 16.9 6.3

MEK-Soluble . 400°C Residue 67.5 19.0

Hydrogen Consumption, wt % feed 2.64 6.82

" 30% conversion of +932°F (+500°C) material to distillate oil. Problems

associated with contamination of the condensables with carry-over char impeded

efforts to produce distillate fuels.

Catalytic Cracking

The cracking of liquid feedstock in the presence of catalyst, without

hydrogen, is termed catalytic cracking. In the petrochemical industry, this

is done to reduce the molecular weight of heavy oil fractions. Catalysts
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typically used include rare earths, nickel, vanadium, and/or iron on an

alumina support.

Studies on COED oils have shown that coal liquids are more susceptible to

coke and gas formation than are petroleum stocks treated by this method.

Table 1-20 shows the results of catalytic cracking of a coal oil using two

different catalysts. 70 More than half of the oxygen in the feed oil was

reportedly removed.

Table 1-20. CATALYTIC CRACKING OF A COAL OIL 70

Catalyst

Properties Silica-Alumina Filtrol Filtrol

Temperature, °F 860 860 950

Liquid Product Yield, wt % 86.0 69.2 62.3

Naphtha, wt %
In Feed 11.2 11.2 11.2

In Product 26.1 36.0 40.8

Total Yield 22.4 24.9 29.9

Net Yield 11.2 13.7 18.7

Steam Cracking

Catalytic cracking conducted in the presence of steam is called steam

cracking. This method is used to crack petroleum naphtha fractions to

ethylene and other petrochemicals.

Investigations with coal liquids indicate that pre-hydrotreatment would

be necessary to achieve satisfactory yields from steam pyrolysis. A

comparison of steam cracking of a hydrogenated Synthoil liquid, a light

petrolet_m feedstock, and decahydronaphthalene, revealed that the coal liquid

and the hydroaromatic compound both produced less ethylene, but more benzene,

than the petroleum-based material. These results are shown in Table 1-21.

Reforming

Reforming is the processing of low-octane petroleum fractions in the

presence of specific catalysts (molybdenum, platinum) to increase the octane

number of the feedstock. This is done by promoting the aromatization of

paraffins and cycloparaffins and the isomerization of straight-chain to

branched-chain paraffins. The metallic catalysts (platinum/alumina) used are

sensitive to poisoning from heteroatoms, and thus pretreatment of the

feedstock is necessary before reforming can be accomplished.
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Table 1-21. STEAM CRACKING OF VARIOUS HYDROCARBON LIQ UIDS62

Feedstock Sample

Light Gas 0il

Hydrogenated Petroleum Decahydro-
. • Coal Liquid Distillate naphthalene

Specific Gravity at 15°C/15°C 0.895 0.828 0.883

" Hydrogen, wt % 12.76 13.70 13.12
Carbon, wt % 87.14 86.16 86.88

Hydrocarbon Group Types, wt %
n-Paraffins 0.0 23.50 0.0

1.0 33.40 0.0

i-Paraffins 83.1 23.00 I00.0

Alicycllcs 12.8 20.10 0.0
Aromatics

Distillation Temperature _ °C

Fraction, vol % 184 193 187

0 (IBP) 245 238

I0 268 271
30 285 293 191

50 304 318

70 333 351

90 348 389 19b
I00 (EP)

Product Yields, wt % 1.03 0.60 1.05

Hydrogen 11.66 12.00 10.35

Methane O. 49 0.39 0 •54

Acetylene 18.83 22.66 19.36

Ethylene 2.40 3.96 2.86

Ethane 0.58 0.41 0.29

Propadiene, Propyne 7.83 13.02 6.57

Propylene 0.21 0.34 0.20

Propane 4.68 4.82 4.65

1,3-Butadiene 1.63 3.12 1.4 1

Butenes 2.56 2.72 2.24

. C5 Olefins, Diolefins 17 9712.15 6.71 •
Benzene 6.76 3.51 I0.34

Toluene 3.43 2.11 4.88

• Ca Aromatics 0.48 0.50 0.42

OTher C6-C _ 2.82 2.61 5.21
C9+ to 205 C 20 51 II.66

Pyrolysis Fuel Oil (-205°C) 22.46 " --
Total I00.0-------O I00.00 I00.00

20WP/6108 9T2-1 O/RP P
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Comparative tests of prehydrogenated COED-derived naphtha and petroleum

naphtha indicate that the catalyst aging is actually slower with the coal

liquid. The high aromatic content of the coal-derived liquid is advantageous

to the attainment of high octane numbers, but sulfur and nitrogen contents

must be reduced to 12 ppm by pretreatment.

Other Upgrading Methods

In a continuing DOE-sponsored study conducted at Oak Ridge National

Laboratory, 71 the upgrading of coal devolatilization condensables by solvent

extraction and solid phase adsorption methods is being examined. Possible

solvents and solvent blends identified as potential candidates as extraction

media include formic acid, sulfur dioxide/benzene, phenol, furfural, and a

blend of propane, cresol, and phenol. Solid sorbents considered in this

program include attapulgite clays saturated with selected metal salts.

Initial experiments on the extraction of UCC mild gasification condensables

with 25% (v/v) aqueous formic acid have resulted in 10% removal of nitrogen

and 41% removal of oxygen.

Summary of Condensable Hydrocarbons Upgrading Methods

Condensable hydrocarbons from mild gasification, consisting of tar, light

oils, and liquor, can be upgraded by methods used in coal carbonization (phase

separation, fractional distillation, and chemical treatment), by methods used

in the petroleum refining and coal liquefaction industries (hydrotreatment,

hydrocracking, catalytic cracking, steam cracking, and reforming), or by other

methods (solvent extraction, solid adsorption). In all likelihood, a complete

condensable upgrading scheme might employ some combination of methods from all

three of these categories, depending on the degree of refining desired. The

presence of a sulfur absorption additive in the mild gasification reactor can

significantly impact the nature of the condensables by reducing heteroatom

levels and promoting cracking of high molecular-weight components, but also

may substantially reduce the condensables yield.

In coal carbonization, the tar is fractionated to yield the following: a

portion of the light oil containing BTX, indene, and naphtha; a middle oil

that contains the bulk of the phenols, cresylic acids, naphthalene, pyridine

bases, and creosote oils; a heavy oil, which is mostly a creosote blending

stock; and a pitch that may b_ further treated by heating or partial oxidation
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tO improve its properties for selected end uses. Low-temperature carboniza-

tion tars will typically contain more phenols, less naphthalene, and less

pitch when compared to high-temperature coke-oven tars. In addition to the

light oils recovered from the tar, most of the light oils are scrubbed from

the fuel gas after iu is cooled to room temperature. The aqueous liquor is

separated for removal or recovery of ammonia, phenols, and other by-products

prior to disposal and/or recycle.

Hydrotreating and hydrocracking methods have proven technically feasible

for upgrading coal devolatilization condensables to levels of quality suitable

for use as substitute liquids fuels, although the conditions necessary for

adequate removal of heteroatoms and an increase in the H/C ratio have been

generally found to be more severe than for petroleum-derived liquids. The

high nitrogen and mineral matter contents of the coal-derived condensables

have presented difficult challenges to the success of catalytic upgrading

methods. Catalytic cracking, steam cracking, and reforming processes have

been found to be useful in upgrading coal condensables that have undergone

prior treatment by hydrotreating and/or hydrocracking.

Treatment of condensables by solvent extraction and solid-phase

adsorption to reduce the heteroatom levels, while showing some promise, are

still in the early stages of development.

Condensables Utilization Methods

The condensable product from the mild gasification process consists of a

complex mixture of organic compounds, primarily aromatic, ranging in boiling

points from benzene (b.p. 178°F) to polynuclear compounds boiling above

1000°F. The total product can be viewed primarily as a source of fuel or a

source of chemicals and other products. The preferred options for utilization4

is determined by the market assessment of the value-added benefits.

Fuel Applications

The conversion of coal-derived condensables to substitute liquid fuels

has been the subject of much study. As previously discussed, extensive

upgrading is necessary, probably by the addition of hydrogen and the removal

of heteroatoms from the raw coal-derived product. The resulting distillates

have been evaluated for use as gasoline and diesel blending stocks, and also

as high-density jet fuels. Figure 1-75 shows a refining scheme proposed for

72
evaluation by ARCO for a blen0 of nydrut_ated _n _.._I_

-
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Gasoline

The principal gas.line-boiling-range (180" to 390"F) components of the

condensables available from mild gasification are BTX. The entire BTX

fraction may be suitable as an octane enhancer, although toluene and xylenes

have traditionally been used for that purpose. There may also be substantial

aliphatic content in the low-temperature tars from mild gasification, although

the rapid-heating methods would tend to reduce the yield of paraffins. In

general, the hydrotreated gas.line-range fraction from mild gasification can

be viewed as an octane booster.

Diesel Fuel

The diesel-fuel boiling-range liquids (185" to 761"F) from the pyrolysis

of Kentucky No. 9 coal and a cleaned coal from UCC were tested by Oak Ridge

National Laboratory investigators. 73 Table 1-22 shows how these oils compared

with distillates from SRC-II, EDS, a shale oil fraction, standard No. 2 diesel

fuel, and a Middle East crude oil !ight fraction. Performance of the fuel in

test engines, when blended 20% with diesel fuel, was found to be very similar

to performance with 100% diesel fuel. The yield of this fraction from coal

was reportedly between 6.3 and 11.9 wt % mar coal.

Although the coal-derived diesel fraction performed satisfactorily as a

blending stock, its chemical characteristics differed significantly from No. 2

diesel fuel, as sl]own in Table 1-22. The sulfur and nitrogen levels in the

diesel fractions produced from the UCC cleaned coal were 4.73 and 45.0 times

higher, respectively, than in the No. 2 diesel fuel. Environmental

considerations ma_ require reduction of these heteroatoms before the coal-

derived fuel can be used in engines outside of the laboratory.

Diesel fuel from Coalite liquids in the United Kingdom, amounting to

. about 22% of the raw tar, have been used in city buses in Bolsover.

Fuel Oil

An oil fraction from the Coalite plant in Bolsover, United Kingdom, has

also been used as a blend for industrial fuel oil. This fuel can be used in

industrial boilers to raise steam. As with other coal-derived liquid fuels,

however, the removal of sulfur and nitrogen would be necessary for the fuel to

be environmentally acceptable.

=
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High-Density Fuel

The possibility has been raised of converting coal-derived oil fractions

to specialty fuels with the characteristic of high volumetric energy

density. Low-temperature tars such as produced by mild gasification would

have some of the required characteristics, being relatively rich in

alkylnaphthalenes and hydroaromatic structures. These fuels would find

applications as jet and rocket .superfuels", which would substantially extend

the range of jet aircraft. Hydrogenation would be required to remove

heteroatoms and to increase the proportion of hydroaromatic structures.

Nonfuel Applications

Prior to World War II, coal was the primary source of chemicals in the

industrialized world. Many of the chemicals once produced by coal are still

in great demand, but the principal source has shifted to petroleum feedstocks.

Among the chemicals that have been produced in significant quantities from

coal-derived condensables are --

• Phenols, cresols, and xylenols (PCX)

• Benzene, toluene, and xylenes (BTX)

• Naphthalene

• Creosote and creosote oils

• Pyridine bases

• Indene-coumarone resins

• Medium-soft pitch

• Hard pitch.

In a recent report for the State of Illinois Department of Energy and

" Natural Resources, uses for PCX, BTX, and naphthalene were revie wed.74

Information on these and other products has also been taken from McNeil .13

Phenols, Cresols, and Xylenols (PCXl

The light phenols, or tar acids, which are recovered from coal tar

fractions by alkali treatment and re-acidification of the alkali wash with

CO2, are extensively used in the chemical processing industry. Phenol

(C6HsOH) is used for the production of phenolic resins, and also as a
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feedstock for the production of bisphenol A and caprolactam, important

starting materials for the production of many polymers and engineering

plastics. Table 1-23 shows some of the polymers that can incorporate phenol

into their manufacture directly or indirectly.

Table 1-23. POLYMERS THAT USE PHENOLIC CHEMICALS IN THEIR MANUFACTURE

Name of Polymer Type Phenolic Species Used Principal Use Area ,

Phenol-Formaldehyde

(Bakelite) Phenol Building Materials

Polycarbonate (Lexan) Bisphenol A Engineering Plastic

Hydroquinone
Resorcinol

Catechol

Polyester (Dacron, PET) Polyoxybenzoate Fibers, Fiberglass

Dihydroxy-biphenyl
Resorcinol

Hydroquinone

Polysulfone (Udel) Bisphenol A Engineering Plastic

Polyamides (Nylon,

Kevlar, Nomex) Phenol (for Caprolactam) Fibers, Eng. Plastic

Cresols are also used in the manufacture of polymer feedstocks. Mixed

cresols, xylenols, and higher cresylic acids are used for disinfectants. The

individual cresol isomers, ortho-, meta-, and para-cresol, can be separated

and sold as specialty chemical for such diverse uses as inks, perfumes,

pharmaceuticals, solvents, preservatives, and dyes. Tricresyl phosphate is a

widely used plasticizer made from o-cresol.

Mixed cresylic acids, comprised of higher boiling phenolic mixtures, are

used in the manufacture of phosphate esters, resins, solvents, froth-flotation

agents, and antioxidants.

Benzene, Toluene, and Xylenes (BTX)

BTX can be separated by distillation into its individual components,

including benzene, toluene, xylene isomers, ethylbenzene, and other alkyl

derivatives. Benzene is a feedstock for a wide variety of specialty

chemicals, the most important being ethylbenzene, isopropyl benzene,

cyclohexane, and aniline. Ethylbenzene is dehydrogenated to make styrene for
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the manufacture of polystyrene. Isopropylbenzene is converted to cumene,

which eventually is peroxidized to phenol and acetone. Cyclohexane is another

feedstock for the production of caprolactam, along with adipic acid. Both of

these materials are used in the manufacture of nylons. Aniline, which can

also be made from phenol, is used in the production of rubber, dyes, and

isocyanates for polyurethane production.

Toluene, aside from extensive use as an octane enhancer, is a feedstock

for the production of TNT and other explosives, and for toluene diisocyanate

(TDI) for polyurethane manufacture, lt is also used extensively as an

industrial solvent.

Xylenes, in the £orm of a mixed-isomer stream, finds wide use as a

solvent. The ortho-isomer is used for the manufacture of phthalic anhydride,

which is an important feedstock for polyester resins. Para-xylene is used to

make terephthalic acid, which is also used for polyester production. The

widely used plastic film, polyethylene terephthalate, is made from this

feedstock.

Naphthalene

In addition to its traditional use as an insect repellent, naphthalene,

finds use in the manufacture of plasticizers, dyestuffs, coatings, and tanning

agents. In the United States, a significant amount of phthalic anhydride is

still made from naphthalene, although this use has been largely replaced by

o-xylene from petroleum sources. Phthalic anhydride, as mentioned earlier, is

important for the manufacture of polyestur resins. Koppers Co., one of the

largest coal tar processors in the United States, has recently re-engineered

their Cicero, Illinois, phthalic anhydride plant to replace o-xylene with

naphthalene as the primary feedstock for phthalic anhydride production.

, Creosote and Creosote Oils

Creosote oils are by far the most widely used timber preservatives.

These are made by blending the various boiling-point fractions remaining from

coal tar after the removal of light oils, tar acids, and tar bases. Coal-tar

creosote, especially the heavier fractions, are also used for the production

of carbon black. The other major use for creosote is as a flux for coal tar

pitch and bitumen in the manufacture of road binders.
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Pyridine Bases

Pyridine bases, including pyridine, picolines, and lutidines, are present

in greater quantities in low-temperature tars than in coke-oven tars, which

contain primarily quinolines as the nitrogen bases. The pyridine bases find J

outlets in the manufacture of pharmaceuticals and dyestuffs, although these

chemicals today are chiefly made bY the synthetic route.

Indene-Coumarone Resins

More correctly termed polyindene resins, these polymers are made from a

narrow fraction of the light oil which is rich in indene and also contains

some phenol. In the presence of a catalyst, the oil is polymerized to yield a

resin that is used in coatings and adhesives.

Medium-Soft Pitch

The untreated "medium-soft" pitch, which is a major product of coal-tar

distillation, finds many uses, depending to a great extent on the properties

of the pitch. The pitches from low-, medium-, and high-temperature processes

vary in the coking properties, quinoline-insolubles, aromaticity, and other

properties which influence the physicochemical behavior of the pitch. Low-

temperature carbonization produces pitch which is generally considered to be

unacceptable for upgrading to electrode-binder pitch, although thermal

cracking under carefully selected conditions may produce an acceptable binder

pitch from low-temperature carbonization. However, the principal uses for

medium-soft pitch are as road-tar binders and for roofing tar.

In the United States, most road surface materials are made from bitumen

(asphalt), a by-product of petroleum refining, although it has been reported

that improved properties can be obtained from mixing bitumen and coal-tar

pitches. Coal-tar pitch displays better adhesion, better resistance to water

and petroleum-based oils, and a "self-healing property" by means of cold

flow. Coal-tar-containing road surfaces also display and maintain greater

skid resistance than all-asphalt coatings. However, these advantages are

offset by a greater tendency to become soft and tacky in hot weather and crack

in cold weather. Blends of coal-tar pitch with asphalt results in the most

favorable blend of properties, and for this reason such blend_ are widely used

in European countries.
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For flat and low-slope roofing, coal-tar pitches are superior to asphalt

in most characteristics, including the above-mentioned properties. There has

reportedly been an increase in interest in coal-tar built-up roofing in recent

years.75

Much work has been done to develop techniques for creating high-modulus

carbon fibers from coal-tar pitch. Rand, 44 in a recent paper on the rheology

of pitches, shows how the balance of primary and secondary quinoline-

insolubles (QI) affect the production of a "mesophase, state which is

desirable for fiber spinning. Low-temperature pitches, which contain little

primary Q] compared to coke-oven pitch, appear to be suitable for this purpose

following heat-treatment to increase the secondary QI content. "

Medium-Hard Pitch

The principal use for coal-tar pitch from coke production, following heat

tl:eatment to convert softer pitch to medium-hard grade, is as a binder fc£

electrodes used in aluminum smelting. As previously mentioned, low-

temperature pitches have not been found suitable for this purpose, but the

U.S. Bureau of Mines, in a 1967 study, produced carbon electrodes entirely

from a low-temperature lignite pitch which was upgraded by thermal cracking. 76

The cracked-pitch yield was 20% to 40% of the soft pitch when the cracker

temperature was maintained at 1450°F. The electrodes were made by combining

the resultant pitch with pitch coke, produced from the same feedstock, and

carbonizing the mixture. Bituminous coals would be expected to produce a more

suitable pitch, due to the lower proportion of heteroatomic bridge structures

in the coal as compared to lignite.

A smaller market exists for hard pitches as a binder for graphitized

electrodes, which are used in electric-arc steelmaking.

The heat-treatment of pitch also results in the production of pitch coke,

which can be used as the "grist", or solid portion of the electrode. Pitch

coke can also be used in the production of other formed graphite products,

such as refractory carbon bricks.

Summary of Condensables Utilization Methods

The utilization potential of the upgraded condensables from mild

gasification of coal car, be categorized into fuel and nonfuel uses.
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The lig t oil portion of the condensables are valuable as octane

enhancers for gasoline, following removal of heteroatomic components by

hydrotreating or chemical treatment. Similarly, diesel fuel blending stocks

have been produced from mild gasification condensables and tested in engines,

'with encouraging results. However, the costs of upgrading the fuel to meet

emissions and long-term stability standards may be excessive in view of

presently low crude oil prices. Heavier tar fractions can also be upgraded to •

be used as an industrial fuel oil, with similar considerations. The potential

for mild gasification products for conversion to high-density jet fuels may be

considerable, due to the relatively high content of hydroaromatic and

alkylnaphthalene structures.

Aside from potential use as substitute liquid fuel feedstocks, a wide

variety of chemicals can be obtained from mild gasification condensables.

These include phenols, cresols, xylenols, and cresylic acids, which are

valuable as feedstocks for many widely used polymers, as well as for inks,

pharmaceuticals, solvents, preservatives, plasticizers, disinfectants, and

dyes. BTX components are also used as chemical feedstocks for production of

plastics, dyes, explosives, and solvents. Naphthalene is a source of phthalic

anhydride for polyester resins and fibers. Creosote oils are the major timber

preservatives in use today, and are also used for the manufacturer of high-

quality carbon black and in road binders. Pyridine bases are used in the

manufacture of pharmaceuticals and dyes. Indene, from the light oil fraction,

is used to make resins for coatings and adhesives.

The pitch, or distillation residue from coal-tar fractionation, is used

for road and roof tars. Blended with asphalt, medium-soft pitches from low-

temperature carbonization are used to produce high-quality road surfaces. A

potential also exists for the conversion of medium-soft pitch to high-modulus w

carbon fibers through selected heat-treatment procedures. The conversion of

medium-soft pitch to harder grades of pitch by thermal treatment or partial

oxidation can be done, and the resulting product can be used as a binder for

carbon electrodes used in aluminum and steel manufacture. Pitch coke produced

from the cracking of softer pitch grades is also useful as a filler for

electrode manufacture or as a chemical reductant.

The recommendations for condensables utilization are given later in the

report, following the discussion of the market survey results, as they are

based on the supply versus demand of the value-added products.
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Fuel Gas Upgrading Methods

Properties of Fuel Gas

• The medium-Btu fuel gas from mild gasification consists of hydrogen,

methane and other hydrocarbons, and carbon oxides. If flue gases are

introduced, nitrogen will also be present. The major contaminants requiring

removal, following recovery of condensables, are H2S and NH 3. Table 1-24

shows a typical gas composition expected from mild gasification of a

bituminous coal. The upgrading methods that can be applied to the fuel gases

do not differ substantially from those used for gas products from other coal

conversion or coal carbonization processes. The information in this section

is mainly drawn from a review by Grosick and Kovacic. 77

Table 1-24. TYPICAL GAS COMPOSITION FROM MILD GASIFICATION OF

HIGH-VOLATILE BITUMINOUS COAL IN NITROGEN

(1220°F, 1.4 s Residence Time)

Component Volume t %

H 2 28.2

CO 2 7.8

CO 20.4

CH 4 26.4

C2H 4 7.2

C2H 6 4.2

C3H 6 + C3H 8 3.1

C4H 8 + C4HI0 0.4

H2S 2.3

Total 100.0

Molecular Weight 19.6

'a

Upgrading Technoloqies

Ammonia Removal and Recovery

As described in the section on upgrading of condensables, ammonia can be

scrubbed from the gas by absorption in a saturated, acidic ammonium sulfate

liquor. In the U.S. Steel Phosam process, ammonia is removed by contact with

acidic ammonium phosphate. In many carbonization plants, ammonia is

incinerated in preference to recovery, in order to avoid unfavorable economics
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related to the cost of the acidic reactant. However, environmental considera-

tions may affect this practice.

If a sulfur-capture additive such as lime or iron oxide is used in the

mild gasification step, substantial ammonia decomposition may result, reducing

the requirement for ammonia removal.

Sulfur Gas Removal and Recovery •

About 10% to 21% CaO by weight of coal, added to mild gasification of

Illinois No. 6 and Pittsburgh No. 8 coals, has been observed to reduce the H2S

in the product gas to very low levels. 78'79 If a solid additive is used in

the mild 9asifier as a sulfur getter, the H2S and COS contents of the fuel gas

is expected to be very low. In cases where the sulfur compounds must be

removed from the fuel gas, methods commonly practiced in the coal carboni-

zation and petroleum industries can be used. These methods include

I) absorption/desorption processes in which H2S and COS are concentrated for

separate gas-phase partial oxidation to elemental sulfur (Claus technology),

and 2) liquid-phase catalytic oxidation processes in which the absorbed gases

are also partially oxidized to produce elemental sulfur.

Light Gas Separation

If the fuel gas is sufficiently concentrated, separation of light gases

may be profitable. The available methods of accomplishing this include

cryogenic separation, pressure-swing adsorption, and membrane separation.

This approach may be considered where hydrogen concentration in the fuel gas

is acceptably high to consider isolating it for resale or specific onsite end

uses.

Synthesis Gas

The production of methanol synthesis gas from th_ fuel gas by adjustment

of the H2/CO 2 ratio an0 catalytic shifting is an option for fuel gas

utilization. Several commercial shift catalysts are available.

Summary of Fuel Gas Upgrading Methods

Fuel gas upgrading methods applicable to mild gasification are similar to

those used in the coal carbonization and coal gasification industries=

Ammonia can be scrubbed from the gas, in conjunction wltn gas quenchi_,9 and

condensation, by spray-quenching with an acidic recycle liquor. %°he liquor

_
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will contain an ammonium salt, such as ammonium sulfate or phosphate.

Depending on economics, ammonia will be recovered as a salt by-product or

distilled and incinerated. The use of a sulfur-capture additive in the mild

gasification reactor may enhance ammonia decomposition, reducing the level of

ammonia in the product gas, in addition to reducing the level of H2S and COS

in the fuel gas by two or more orders of magnitude. Further sulfur gas

removal can be effected by conventional methods that allow sulfur to be

reclaimed as elemental sulfur (H2S), sulfuric acid, or ammonium sulfate. HCN

is also removed by these methods.

Depending on the concentration of hydrogen in the fuel gas and the

methods used to recover condensables, a fractionation of the fuel gas into

components by cryogenic separation, pressure-swing adsorption, or membrane

separation may be desirable. The adjustment of the CO/H 2 ratio by catalytic

shifting to produce a synthesis gas for methanol production is an additional

option.

Fuel Gas Utilization Methods

The fuel gas from a mild gasification plant is expected te be in the low-

to medium-Btu range of heating values, due to the use of a flu,_ gas mixture

for fluidization, which dilutes the product gas with noncombustible species.

The use of the fuel gas for onsite process heat and steam generation is the

expected major end use. Excess fuel gas can be utilized in other integrated

applications or sold to nearby industrial users. Other possible uses of the

gas product components are discussed below.

Fuel Applications

Industrial Fuel Gas

The heating value of the fuel gases from externally heated mild gasifica-

tion processes were shown in Figure 1-62. These values ranged from about 390

to 1100 Btu/SCF, declining with temperature over the range of 850 ° to

14500F. In a fluidized- or entraineQ-bed system, the fuel gas would be

diluted by the fluidizing or entraining gas. When a flue gas is used, the

fuel gas would be diluted with nitrogen, thus lowering the heating value. The

low-pressure low- to medium-Btu gas resulting from the process, following

necessary cleanup, can be used in industLial burners or boilers for onsite

heat or steam generation, or sold to nearby industrial users.
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Methanol Synthesis for Fuel

Methanol from synthesis gas can be used directly as a motor fuel, or can

be converted into gasoline using the Mobil process. The synthesis gas can

also be converted to motor fuels by Fischer-Tropsch synthesis. There has been t

a revival of interest in the use of oxygenated fuel blends as a means to

control air quality. Methanol may have an important role in the future of

transportation fuels.

Nonfuel Applications

M_Zd

Hydrogen can be recovered by the methods outlined previously (Light Gas

Separation) and utilized for ammonia synthesis, hydrogenation of condensable

fractions recovered from the mild gasification, or sold as a chemical

feedstock. The use of fuel gas combustion with air for direct contact

pyrolysis heat input will dilute the fuel and may preclude economic recovery

of hydrogen.

Synthesis for Chemicals

The technology of converting synthesis gas to a wide variety of

fertilizer and hydrocarbon chemicals is very well known. Methanol from

synthesis gas can have a variety of end uses. In addition to its use as a

fuel, methanol is used as a solvent and a feedstock to produce formaldehyde,

glycols, and many precursors for plastics and polymers.

Summary of Fuel Gas Utilization Methods

The primary end use of the fuel gas will most likely be for onsite energy

generation to raise process steam or for process heating. Fuel gases from
v

low-temperature carbonization processes generally range in heating value from

390 to 1100 Btu/SCF. If synthesis gas production is shown to be an

economically viable option, methanol can be manufactured for use as a motor

fuel or as a feedstock for gasoline production. Methanol is also a valuable

chemical feedstock for solvents and plastics. Hydrogen, if separated from the

fuel gas by one of the methods outlined above, can be used for ammonia

synthesis, char gasification, or the hydrogenation of selected condensable

fractions. Hydrogen can also be sold as a chemical feedstock.

_
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Co-products Upgrading Methods for Selected End Uses

Char Uses

Combustion

. The upgrading methods appropriate to allow marketing of the char for

combustion uses will depend largely on the shipping requirements and

requirements of the fuel to meet emission standards.

For use of the char in a char/coal blend, no upgrading of the char is

anticipated, either for onsite use or for remote use as practiced for the

particular coal. It is anticipated that the increase in the ash content of

the char will be compensated for by its reduced moisture content. Hot char

addition to the coal blend may also result in overall moisture reduction

through partial drying of the coal.

Direct firing of the hot char without blending may require added grinding

if the product char is derived from a fluidized bed or other processes

delivering a large particle-size char. Char from entrained processes may be

suitable for direct firing ill such end uses as fired boilers or furnaces, as

supplementary fuel for blast furnace iron production, or as primary or

supplementary fuel for metallurgical or other consumers of pulverized fuel.

Metallurgical Uses

For this use, the low-density, relatively fine particle-size char will

have to be consolidated into a higher-density, stronger physical form through

such means as briquetting. Additional devolatilization of the briquettes may

also be employed if required to improve strength and reduce volatile matter

content.

For some uses the ash and sulfur contents of the char may be excessive.

In this case the feed coal to mild gasification could be treated fer reduction

of ash and mineral sulfur and the product char treated by exposure to steam to

reduce its organic sulfur content. In some instances the addition to the char

of a sulfur capture agent such as lime may be acceptable.

Active Char

For this use, the char will require steam treatment to increase its

surface area and adsorption activity. Depending on the end use, the char may

also require that the coal be pretreated to reduce mineral content of the

resulting char product.
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Char Gasification

For use in an integrated system of gasification, the char would be fed

hot directly to a gasification process that would accommodate the size consist
L

of the char. In this instance, no upgrading would be required. For remote

use, or use in a moving-bed type of gasifier requiring a consolidated feed,

the char would be briquetted or pelletized.

Domestic Fuel Use

For use as a domestic solid fuel, the char would require forming and

pretreatments similar to that for metallurgical use, except for a lesser

requirement for additional devolatilization. The critical characteristics of

the briquette will vary, depending on the local use regulations and customer

perceptions of acceptability. These latter requirements may be met by the

addition of inert materials such as clay to retain the shape of the briquette

during combustion, or by the addition of lime or other agent to capture

sulfur.

Condensable Hydrocarbons Uses

Regardless of the char end use option selected, the condensable products

from the mild gasification of bituminous coal will be processed by

conventional coal-tar recovery and fractionation methods. The degree of

refining utilized will be dependent on the economics of the recovery of

specific streams; it is anticipated that minimal refining will be the

preferred approach. The condensables will yield six major product streams:

* Light oil, the condensable fraction distilled from tar and scrubbed from

the gas stream, boiling below 360°F

o Middle oil, the tar fraction distilling in the temperature range of 360 °

to 590°F

* Heavy oil, the tar fraction distilling in the temperature range of 570 °

to 750°F

* Medium-soft pitch, the untreated distillation residue from primary

fractionation of the tar

• Medium-hard pitch, the improved pitch product from thermal treatment of

the medium-soft pitch at 1400 ° to 1500°F

• Pitch coke, the solid carbonized product from thermal treatment of

medium-soft pitch.
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Chemical Feedstocks

The light and middle oil fractions can be marketed to the chemical

refining industry for further refining into valuable chemicals, including the

following: benzene, toluene, xylenes, phenol, cresols, xylenols, cresylic

acids, naphthalene, indene, and pyridine bases. All of these chemicals are
4

used in many ways in the production of polymers, pharmaceuticals, and other

industrial and consumer products.

Octane Enhancers

Based on the market conditions for fuel feedstocks, the light oil

fraction can be minimally refined to remove sulfu_ and yield a BTX mixture

suitable as a gasoline octane enhancer.

Preservatives

The remainder of the heavy and middle oil fractions consist of creosote

oil, which is used as a blending feedstock for timber preservative creosote.

If refining of the middle oi] to recover phenols, tar bases, and other

chemicals is shown to be economically profitable, the remaining middle oil

fraction can be sold for this purpose. The heavy oil fraction may also be

salable as a creosote blend.

Binders

The medium-soft pitch produced from distillation of low-temperature tars

are suitable for road and roof binders. Although most road-building in the

United States is done with petroleum-based asphalt, the specifications for

road materials in at least some states are written specifically for coal-

derived binders. As previously discussed, blends of asphalt and coal-tar

pitch yield the most desirable blend of properties. The same general

statements can also be made for binders for flat or slightly pitched roofing.
P

The mild gasification process scheme can offer the option to process all of

the pitch to hard pitch or to market the medium-soft pitch directly for these

p'urposes, depending on market considerations.

Although the medium-soft pitch is suitable as a road and roof binder, it

does not have the properties required for electrode binder pitch without

further upgrading. Improvements in coking value and rheological properties

may be attained by thermal cracking at 1400 ° to 1500°F. The medium-hard pitch
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produced in this way is suitable for sale as a binder in the manufacture of

carbon electrodes for the aluminum and steel industries.

Fillers

Carbon black is a filler and pigment in rubber products, chiefly auto-

mobile tires, and in chemical coatings. As described, creosote oil fractions

can be used for carbon black production. The heavy oil is preferred for this
P

purpose, and most heavy coal-tar oils that cannot be used for creosote

blending find an outlet in carbon black production.

The pitch coke made as a by-product of pitch cracking can be sold as a

"grist", or filler, used in the manufacture of carbon electrodes. The

material has been found to be acceptable as a substitute for petroleum coke in

this and other uses, such as alkaline chloride electrolysis, lt is possible

that low-temperature pitch, due to the lower content of primary quinoline in

solubles, would produce pitch coke with superior graphitizing properties, when

compared to coke-oven pitch. 80

Fuel Gas Uses

Onsite Combustion

Following gas cleaning to satisfy emission standards, the bulk of the

fuel gas produced by mild gasification will be used to provide energy for the

mild gasification reactor through the generation of hot flue gases for

fluidization/entrainment of the incoming coal. Part of the fuel gas may also

be recycled to the mild gasifier without burning, depending on the heat demand

of the coal feed and the desired composition of the fluidizing gas. The fuel

gas can also be burned to provide heat for low-pressure steam generation, coal

drying and preheating, fractional distillation of the condensables, and pitch

cracking. If the char is used for the production of metallurgical form coke

or domestic fuel briquettes, the fuel gas can be used to provide heat for the

necessary carbonization operations on the char product.

Ammonia Synthesis

The mild gasificatiox, product gas is rich in hydrogen, which can be

separated from the gas stream by cryogenic, pressure-swing adsorption, or

membrane separation methods, preceded b,, shifting of the gas over catalysts to

achieve optimum hydrogen content• The hydrogen can then be used as a

feedstock for a nearby ammonia synthesis plant.

_
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Conclusions Leadin9 to the Selection of Co-products Upgrading

Methods

For all of the anticipated end uses of char, pretreatment of the coal by

' conventional coal cleaning methods will be required to minimize sulfur and

mineral matter content. For use of the mild gasification char as a blending

- stock with coal for utility or industrial fuel, or for char gasification, no

further upgrading would be required. If the char is to be used for

metallurgical form coke production or manufacture of fuel briquettes for

domestic or industrial heating, the addition of a sulfur-capture additive such

as lime would probably be required. It may also be necessary to treat the

char with steam to reduce the sulfur content. For the production of active

char, steam treatment would also be required to increase the active surface.

Condensable hydrocarbons from mild gasification can be processed by

conventional tar fractionation methods to yield light, middle, and heavy oils

and a medium-soft pitch. The degree of refining of the oil fractions that

will be pursued is dependent upon economic and market considerations. The

light and middle oil fractions can be further distilled and refined by alkali

and acid washing to recover benzene, toluene, xylenes, phenol, cresols,

xylenols, heavy tar acids, pyridine bases, naphthalene, and indene as chemical

feedstocks. Minimal refining of the light oils fraction can be performed to

produce an octane enhancer. The remaining middle and heavy oil fractions

produced by secondary coal-tar refining procedures consist primarily of

creosote oils. The medium-soft pitch can be used untreated as a road and roof

binder, but for the conversion to a harder g_ade of pitch, a thermal treatment

step will be required. The medium-hard pitch resulting from thermal cracking

at 1400 ° to 1500°F is suitable for use as a binder in the production of carbon

electrodes for the aluminum industry. The cracking step also produces

additional fuel gas, light oils, and pitch coke.

The fuel gas may be upgraded by conventional absorptive gas cleaning

methods, although it is anticipated that a sulfur-capture additive, if used in

the mild gasification reactor, could minimize the amount of cleaning that is

required. Most of the fuel gas will be used onsite for satisfying the energy

requirements of the mild gasification process. The use of fuel gas combustion

with air for direct contact pyrolysis heat input would dilute the fuel and may

preclude economic recovery of hydrogen. However, if indirect heat transfer
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(or hot char recycle) is employed, the undiluted fuel gas might be processed

for hydrogen recovery. Separation of hydrogen by cryogenic, PSA, or membrane

separation may be performed following a catalytic shift step to maximize

hydrogen content. The hydrogen can tben be used for ammonia synthesis.

20WP/61089tr2/RPP
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SuJtask 1.3. Market Assessment

Objective

• The objective of this subtask is to conduct a market assessment of the

mild gasification co-products to identify the value-added uses with the

. potential to open new markets for coal. It is also the objective of this

subtask to determine the characteristics of the value-added products so that

the mild gasification process scheme, including the reactor design, could be

tailored to favor their production.

Introduction

The object of this task is to assess the potential markets for the co-

products that would be produced from the mild gasification process. Market-

related information has been gathered from literature surveys, marketing data

bases and discussions with producers of similar products and potential

customers. The market assessment conducted during the project formed the

basis for selecting three char utilization options. The co-products evaluated

in these options were aetermined to be the high-value co-products in relation

to the entire slate. The selection of the co-products to be evaluated has

also guided the technical considerations for the development of the mild

gasification process and its integration with coal preparation technology. In

addition, the impact of a wide variety of upstream solid processing steps (for

example, beneficiation, chemical addition, etc.) and downstream processing

steps (for example, separation and upgrading of condensable products) were

considered for production of commercial quality products• As a result, the

mild gasification options that evolved and were assessed favor a minimum of

upstream or downstream processing steps, especially for the condensable

products.

• Prices of chemicals and certain products were obtained from the weekly

issues of the Chemical Marketing Reporter in December 1987. Product

information concerning current and future supply and demand statistics, as

well as production capacities, were obtained from two data bases provided by

Predicasts, Inc. (Cleveland). A detailed description of these sources is

given in Appendix B along with a complete listing of all market information

sources used in this assessment.
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Market information was collected from conversations with representatives

of trade organizations and related companies. Peabody Holding Co., Inc. and

Bechtel National, Inc. discussed the products and potential markets resultzng

from the implementation of a mild gasification process both internally and i

with utility and industrial representatives. IGT discussed detailed coal tar

processing with representatives of the Koppers Co., the largest processor of
W

coal tar in the United States, and also with representatives of Reilly Tar and

Chemicals and Merichem, Inc. Discussions were also held with representatives

of the FMC Corporation and Rexco, regarding the existing low-temperature

carbonization plants.

The market assessment study recognizes that development work may be

required to achieve a quality of co-products that will be commercially

acceptable. However, judgments were made based upon available information and

past experiences concerning the quality and potential suitability of the co-

products for industrial and commercial use. The co-products that are

identified to derive the value-added benefits are listed below.

a. Solid Product Options:

• Char/coal blend utility fuel

Form coke

• Smokeless domestic fuel

• Adsorbent carbon or char

b. Condensable Products:

• Pitch (for producing road tar, roofing tar, pitch coke, graphite binder)

• Heavy creosote oil (for producing carbon black)

• Middle oils (for Fvoducing phenols, naphthalene)

• Light oils (for producing BTX)

Market Assessment of Solid Co-products

Char/Coal Utility Fuel

In order to assess the potential market for char from a mild gasification

process, it is necessary to examine current and future markets for solid

fossil fuels. During the first 6 months of 1987, over 400 million tons of
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coal were consumed in the United States and an additional 38 million tons of

domestic production was consumed in foreign markets. 81 Electric utilities

accounted for over 86% (344 million tons) of the coal consumed in the United

States.

Domestic coal demand is projected to increase to 1,021 million tons in

1995 and 1,105 million tons in 2000 from a 1986 consumption level of 804

million tons. 82 In the year 2000, electric utilities are expected to consume

962 million tons or 87% of the total as shown in Table 1-25.

Table 1-25. PROJECTIONS OF U.S. COAL CONSUMPTION 82

Year

1975 1980 1986 1990 1995 2000

million tons/yr

Residential/Commercial 9 6 8 8 7 7

Industrial 64 60 77 87 95 i00

Coking Plants 84 67 36 36 31 27

Electric Utilities 406 569 685 757 887 967

Total Consumption 563 703 804 888 1021 1105

Based on the current and projected markets for coal, the electric utility

market will remain the primary consumer. Therefore, the electric utility

market represents the single largest potential market for mild gasification

char. The projected decline in domestic coke production (and consumption) may

be lessened by the impact of the U.S. dollar evaluation on steel production.

The decline may, however, be accelerated by impending pollution control

legislation.

" Utility Bituminous Coal Consumption

The mild gasification process of interest here is to be designed to

utilize high sulfur, high volatile bituminous coal. As a result, the produc-

tion regions and the utility consuming regions of this type of coal can be

examined to define the quality and cost of coal with which the char must

compete.

The mining of high sulfur, high volatile bituminous coal typically takes

place in the coal-producing districts of Illinois (District i0), Indiana

(District ii), Ohio (District 4), Pennsylvania (Districts i and 2), western
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Kentucky (District 9), and West Virginia (Districts 3 and 6). Coal shipments

for the first 7 months of 1987, January through July, were analyzed to

identify the consuming state, delivered quantity, quality, and price for both

contract and spot purchases. The average delivered quantity, quality, and

cost for each producing state are shown in Table 1-26. This table is compiled

from the average delivered quantity, quality, and cost to each consuming state

obtained from FERC reports. 83

Table 1-26. DELIVERED QUANTITY, QUALITY, AND COST OF HIGH-SULFUR,

HIGH-VOLATILE BITUMINOUS COAL FOR THE PERIOD JANUARY-JULY 198783

As Received

Tons Delivered Cost Sulfur Ash Btu/Ib

106 ¢/106 BTU (S/Ton) %

Illinois

Contract 29.0 170.27 38.01 2.63 9.60 11,144

Spot 2.6 127.73 29.03 2.50 9.20 11,317

Total 31.7 166.73 37.27 2.62 9.57 11,158

Indiana

Contract 12.5 139.59 31.14 2.53 8.95 11,146

Spot 2.0 111.95 24.70 2.45 9.54 11,038

Total 14.5 135.78 30.25 2.52 9.03 11,131

Ohio

Contract 15.8 170.44 39.95 3.26 11.40 11,755

Spot 3.4 116.92 27.87 2.73 10.71 11,855

Total ]9.2 160.95 37.81 3.16 11.28 11,773

Pennsylvania
Contract 26.8 151.92 37.94 1.75 13.11 12,462

Spot 8.4 129.19 32.44 1.80 10.87 12,507

Total 35.2 146.51 36.63 1.76 12.58 12,473

W. Kentucky
Contract 22.5 135.93 31.34 3.19 11.19 11,458 •

Spot 5.3 115.28 27.58 3.03 10.63 11,935

Total 27.8 131.97 30.62 3.16 11.08 11,550

West Virginia

Contract 20.4 151.94 38.47 2.43 10.46 12,563

Spot 3.7 122.69 31.34 1.95 10.69 12,678

Total 24.1 147.47 37.38 2.36 10.50 12,657

The available information on the quality of coal utilized in the electric

utility market does not provide values for volatile matter content, Hardgrove

grindaDility index, ash fusion temperatures, and minimum size restrictions.
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These values will play an important part in determining the acceptability of

char in the electric utility market.

Coal Supply Agreement Specifications

• In order to further define the quality specifications for a char to

compete in the electric utility market, Peabody Development Company surveyed

- the coal quality specifications in its major coal supply agreements. The

survey encompassed 16 major coal supply agreements covering obligations to

supply approximately 28 million tons of high sulfur, high volatile bituminous

coal. Table 1-27 presents the results of that survey.

Table 1-27. SURVEY OF MAJOR COAL SUPPLY AGREEMENT SPECIFICATIONS

Specification Range (As Received)

Tonnage Surveyed, 106 ton/yr 28

Moisture, % 7.5-1.6

Fixed Carbon, % 43-47

Volatile Matter, % 32-36

Ash, % 9.7-18.0

Sulfur, % 2-5

Heat Content, Btu/lh 10,400-12,500

Ash Fusion Temperature, °F 1950-2450

Chlorine, % 0.08 max

Hardgrove Grindability Index 48-55

Base-Acid Ratio 0.3

Size Distribution, %

2-in. X I/4-in. 64

i/4-in. X 60 mesh 30

60 X i00 mesh 6

- -i00 mesh 0

The specification of v_lues for fixed carbon and volatile matter appeared

primarily in newer contracts. This trend is indicative of the electric

utilities' ever-increasing awareness of the impact of fuel quality on power

generation costs.

To further illustrate the quality parameters that are acceptable to the

electric utility industry, Appendix D contains a complete analysis of an

Illinois No. 6 Seam coal and Pittsburgh No. 8 Seam coal. Analyses are

provided for both raw (run of mine) coal and washed coal.
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Modes of Transportation

Another important factor that will impact the market acceptability of a

fuel is the mode of t_ansportation by _hich it is delivered. Table 1-28

summarizes the origin, method of transportation, and consumer of the high-

sulfur bituminous coal produced in the states of Illinois, Indiana, western

Kentucky, Ohio, Pennsylvania, and northern West Virginia for the period

January through June 1987. Electric utilities consumed 96% of the coal

delivered from these and 41% of that coal moved by rail. As indicated in

Table 1-28, there is ample opportunity for the char to move by rail, truck, or

water to the consumer.

Char Quality

Having examined the quality of the coal with which char must compete in

the solid fossi_ fuel market, the quality of the char must next be examined.

The review of available literature produced only a limited amount of quality

data for char produced under mild gasification conditions. Jones et al.

published quality data for char produced from the FMC COED process. 14'45 The

qualities of COED char produced from Illinois No. 6, a blend of western

Kentucky No. 9 and No. 14 and Pittsburgh No. 8 coals are shown in Table 1-29.

The COED process has four sta_es of pyrolysis after which the char is

available for various uses. The second and third stage char analyses are

shown in Table 1-29 in an attempt to match the temperature conditions of mild

gasification, 930 ° to 1200°F (500 ° to 650°C). A comparison of the char

characteristics relative to the coal shows no significant change in the sulfur

content, a moderate reduction in the Btu, an increase in the ash content, and

a significant loss of volatile matter.

Khan has reported a similar comparison for char produced from Illinois

No. 6 and Pittsburgh No. 8 coals utilizing a bench-scale mild pyrolysis

process. 78 The analyses are shown in Table 1-30. Khan, in his work, mixed

calcium oxide with the coal prior to charring, in an attempt Lo produce a low-

sulfur condensable product. The resultant impact on the char was to increase

its sulfur and ash content.

Market Acceptance

The acceptance of the char as a replacement for coal will depend on

operational, emission compliance, and economic considerations. From an
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Table 1-28. DOMESTIC DISTRIBUTION OF U.S. COAL BY ORIGIN, METHOD

OF TRANSPORTATION AND CONSUMER: JANUARY THROUGH JUNE 1987

Electric Coke Other Residential
. Origin Utilities Plants Industrial & Commercial Total

Illinois 26,648 1,001 1,816 123 29,589
RaiI 15,819 996 471 5 17,291
Truck I,464 -- I,046 110 2,621
Water 8,305 4 281 2 8,592
Other 1,060 -- 18 6 I,085

Indiana 13,816 -- 2,119 212 16,188
RaiI 7,841 -- I,000 -- 8,841
Truck 2,859 -- 773 208 3,84!
Water 3,115 -- 345 3 3,463
Other 2,859 -- 775 209 3,884

w. Kentucky 20,681 -- 906 50 71,732
Rail 6,240 -- 273 -- 6,514
Truck 2,491 -- 293 46 2,830
Water I0,596 -- 339 3 10,939
Other 3,845 -- 293 I 1,450

Ohio 16,046 9 I,295 294 17,652
Rail 3,276 -- 9 10 3,294
Truck 3,528 9 1,258 280 5,075
Water 5,347 -- 24 3 5,175
Other 4,095 -- 4 I 5,108

Pennsylvania 26,737 3,863 2,733 577 34,110
" Rail 12,197 2,207 846 25 15,275

Truck 5,656 29 1,624 479 7,788
Water 2,560 1,626 221 I 4,407

" Other 6,324 -- 43 I 316

n. W. Virginia 18,523 -- 1,515 124 20,167
Rail 7,416 -- 775 43 8,234
Truck I,320 -- 488 79 1,888
Water 7,268 -- 242 -- 7,509
Other 2,519 -- 10 1 2,536
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Table 1-30. PROPERTIES OF COALS AND MILD GASIFICATION CHARS FROM

ILLINOIS NO. 6 AND PITTSBURGH NO. 8 COALS 78

Illinois No. 6 Pittsburqh No. 8

. Coal C ha[ Coal Char

Moisture, wt % 4.05 1.25 0.57

Proximate, wt % (dry)
FC 53.4 74.5 52.2 76.3

VM 37.8 15.8 40.1 13.6

Ash 8.8 9.7 7.7 10.1

Total 100.0 ].00.0 100.0 100.0

Ultimate

C 69.3 80.5 77.2 75.8

H 4.8 2.B 5.0 2.8

N 1.3 2.3 1.4 1.9

S 3.2 3.0 2.0 1.8

O 12.6 1.7 6.7 7.6

Ash 8.8 9.7 7.7 I0.i

Total 100.0 100.0 100.0 100.0

HV, Btu/Ib (dry) 13.,'052 12,292 14,056 12,554

Temperature, °F -- 932 -- 932

operational perspective, the combustion characteristics of the char will make

it a less desirable fuel. The significant decrease in volatile matter could

potentially cause a decrease in combustion efficiency (increase in carbon

loss) and problems with flame stabilization requiring the firing of auxiliary

fuel at reduced combustion rates. In addition, the increased ash content

could increase the potential for slagging, fouling, and erosion. Similarly,

the ash handling system could be adversely affected, and decreases could be

. experienced in the lives of the ash disposal facilities. Finally, if the

gasification process shifts the size consist of the char toward more fine

_ material, which reduces its mechanical strength or increases its oxidation

reactivity, increased problems from unloading, handling fugitive dust, and

storage stability could be encountered.

From an emissions perspective, both the sulfur and particulate emission

potential could increase on a basis of weight per million Btu of heat input.

The particulate emission potential for the Illinois No. 6 coal reported by

Khan is 5.06 Ib/106 Btu, while the char potential emission rate would be

7.89 Ib/106 Btu. 78 This represents a 56% i,_crease in the amount of ash fed to
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the furnace and particulate control equipment. Depending on how the sulfur is

split between the char and the condensables, a similar increase in the sulfur

emission potential of the char could result. However, if lime is used as a

sulfur capture additive, it is left with the char and it is possible that

during combustion with a large air excess, the lime could combine with SO 2 to

form stable calcium sulfate, which is acceptable for normal disposal. 84

Calcium sulfite resulting from restricted air combustion could require
h

additional oxidation.

The char will be a less desirable fuel than coal because of the relative

loss of volatile matter and increased ash and sulfur content. Kolstad et al.

have examined the impact of two of these parameters -- volatile matter and

sulfur content -- on the utility market for Illinois coal. 84 These

investigators focused their work on char and the impact of reduced volatile

matter and sulfur on the consumer's willingness to pay for the difference in

quality. Actual utility coal transactions for the year 1985 as reported by

the Federal Energy Regulatory Commission (FERC) were statistically analyzed.

Kolstad et al. reported in their preliminary results that the value of a

sulfur reduction of 1 pound per million Btu ranges from about $0.70/106 Btu

per pound of sulfur per million Btu to slightly more than $1.00/106 Btu per

pound of sulfur per miltion Btu. Thus, the premium or penalty applied to a

coal or char containing sulfur would be the product of the value of the sulfur

reduction and the sulfui" content; that is,

6

[$0.70-i.00/I0 Btu] . llb S in fuel]
Ib S/106 Btu 106 Btu

To overcome the lack of volatility information in the FERC or other

transaction information, Kolstad et al. examined all electric utilities that

purchased Illinois coal in 1985. A survey questionnaire was sent to a subset

of those plants (77 power plants) and responses were received from 61 plants.

A copy of the survey is shown in Appendix E. Each plant operator was given

the specifications for a reduced sulfur and volatile matter fuel. Sulfur

specifications were either 0.45 lh/106 Btu, 0.95 lh/106 Btu, or 1.78 ib/106

Btu. Volatile matter specifications were either 15.12%, 25.14%, or 35.26%.

The preliminary results indicated that a change of 2.5% in volatile content

(that is, 27.5% to 25.0%) was valued at $0.08/106 Btu. (lt should be noted,

however, that Occidental Flash Pyrolysis char was assessed as having

combustion properties similar to or superior to the parent coal.)
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The survey also asked for the respondent to provide boundary (maximum or

minimum) procurement specifications for each generating unit at the power

plant. The results of the survey a_e shown in Table 1-31. The mean volatile

matter specification was 43% by weight (dry) and the minimum was 19% by weight

(dry). Of the 48 responses on volatility, only five indicated a specification

" below 25% by weight (dry) volatile matter product in the survey, only seven

indicated a willingness to purchase the fuel, and, in most instances of a

willingness to purchase, a significant sulfur and cost reduction also was

required.

Table 1-31. SUMMARY OF CHAR MARKET SURVEY RESULTS 84

Specification Number Mean Min Max

Minimum Btu/lh (moisture free) 55 11450 7700 13889

Maximum Sulfur Content (as received,

measured Ib/MM Btu) 61 2.5 0.59 6.8

Maximum Moisture Content (as received %) 61 16% 6% 36%

Minimum Volatile Matter (by weight,

moisture free) 48 32% 19% 44%

Maximum Chlorine (by weight, moisture

free) 28 0.21% 0.03% 0.50%

Size Dispersion (Maximum % less than 1/4 in.) 44 41% 3% 85%

Minimum Hargrove Grindability Index 54 49 40 63

Maximum Ash Content (by weight, moisture

free) 59 12% 6% 33%

Minimum T250 (ash fusion) Temperature (°F) 40 2174 1900 2660

Maximum T250 (ash fusion) Temperature (°F) 25 2500 2100 2920

Maximum Base/Acid Ratio of Ash 17 0.64 0.25 2.33

Maximum Na20 as % of Ash Mineral Analysis 23 1.34 0.40 3.0

Maximum % Alkaline as Na20, Dry Basis 8 0.32 0.09 0.65

The survey results from Kolstad et al. indicate that the volatility of

the fuel is very important to the electric utility consumer. Current procure-

ment specifications for those plants surveyed would not allow a volatility
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below 19% by weight (dry), but for most a volatile content above 30% was

considered desirable. A number of consumers would only consider a low

volatility product if it was also a low sulfur and low cost product.

lt is important to note that Kolstad et al. indicated that the results

from the transaction analyses and survey should be regarded as preliminary,

and additional efforts to improve the analyses and survey are being

undertaken. An example of an area needing further review is the fact that the

survey did not substantiate the sulfur premium evidenced in the transaction

analysis. However, based on these preliminary results, there is compelling

evidence of a willingness to pay a premium or penalty for the volatile and

sulfur content of coal or char.

In order to provide confirming input on the operational, emission

compliance, and economic considerations related to the market acceptance of

char, a major electric utility that burns a substantial amount of high sulfur,

high volatile bituminous coal was visited. During the visit, utility

representatives from the fossil fuel procurement, environmental affairs, power

plant operations, and corporate planning functions were apprised of the mild

gasification process and the resultant char quality produced from Illinois

No. 6 coal as reported by Khan. 78 The utility representatives were asked

their opinion of problems that might occur if char was to be utilized in their

existing units. Their concerns were centered in the areas previously

discussed, combustion efficiency, emission compliance, and material handling

and disposal. Volatility and sulfur content were the major areas of

concern. In addition, it was their opinion that a test burn of the char in

the particular unit in which it was to be utilized would be necessary before

it could be judged acceptable for procurement.

The fuel p[ocurement representatives indicated that the utility had a

procedure that was utilized to evaluate fuels proposed for procurement or

"fuel bids" as they are commonly termed. The factors used in evaluating bids

include --

• Delivered price per million Btu

• Fuel quality and specifications

• Terms and conditions

• Delivery schedule and charges
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• Reliability of the transportation system.

Coal and char would be evaluated on an adjusted cost per million Btu

basis to ensure that bids are compared on an equal basis. The bid price isQ

adjusted for transportation costs, taxes, quoted Btu, and ash and moisture

contents. The adjustments to the cost related to ash and moisture content

vary from plant to plant, are subject to periodic updates, and are based on

historic plant operation and maintenance costs plus current economic

parameters.

The price the utility pays for fuel is also subject to premiums or

penalities if the fuel's Btu, ash, and moisture deviate from the guaranteed

values. If the delivered fuel is of a higher quality, the utility will pay a

specified premium to the supplier. If the delivered product is of a lower

quality than guaranteed, a penalty in the form of a reduced price is paid to

the supplier. If the quality falls below the minimum guaranteed quality, the

utility can reject the shipment and refuse payment. Examples of the adjusted

fuel cost and an example of the premium/penalty payment computations for

moisture and ash content are described in Appendix F.

Other char characteristics that relate to ease of handling and shipping

may also impact price. These include: mechanical strength affecting fines

generation, bulk density, and oxidation reactivity relating to storage

stability.

Marketing Strategy

Based on the review of the current and projected electric utility markets

for high sulfur, high volatile bituminous coal, it is apparent that char from

• a mild gasification process will not be the fuel of choice based on its

operational and emission potential when competing with coal. Char would only

- be competitive if it has a significantly lower sulfur content or a signifi-

cantly lower price than coal or both. However, there are two possible

marketing strategies that may substantially improve the market acceptability

of mild gasification char.

Using current and projected electric utility markets to judge the

acceptability and competitiveness of char assumes that current coal supplies

will remain acceptable and competitive. There is, however, a reasonable

expectation that this may not be the case due to a change in allowable sulfur
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emissions as a result of enactment of acid deposition control legislation.

Proposals currently being considered in Congress call for utility SO 2 emission

reductions of 10 to 12 million tons from It_80 levels. Under one such bill,

S.1894, passed by the Senate Environment and Public Works Committee, the

state-wide average SO 2 emission limits for fossil-fuel-fired utilities would

be equal to or less than 0.9 ib/106 Btu. 85 During 1986, the states east and

bordering the Mississippi River produced over 575 million tons of bituminous

coal, or 65% of the nation's total production. Yet, only seven-tenths of 1%

of that production, or a little over 4 million tons, was of a quality that

would comply with the 0.9 lh/106 Btu level. For the entire United States,

only 17% of the 1986 production would comply with the Senate Committee bill's

emission limit.

In examining the impact that a 12 million tons SO 2 reduction would have

on high sulfur coal production, ICF Incorporated has estimated for the

Environmental Protection Agency that 88.3 million tons of production would be

displaced from Northern Appalachia and the Midwest. 86 The Congressional

Budget Office has estimated that displacement will range from 49 to 67 million

tons from the same producing regions. 87 In a similar analysis, Temple, Barker

and Sloane, Inc. estimated for the Edison Electric Institute that coal

switching would involve the replacement of high sulfur coal with between 54

and 107 million tons of low sulfur coal primarily from the West. 88 The effect

on the price differential between eastern low sulfur coal and high sulfur coal

has been estimated by Energy Venture Analysis, Inc., for the Electric Power

Research Institute, to be between 16 and 18 dollars per ton (1985 dollars per

89
ton f.o.b, mine) for a i0 million tons reduction in utility SO 2 emissions.

.°

The effect of enactment of acid deposition control legislation will be to

dramatically change the solid fossil fuel market. Traditional fuel supplies

may no longer be acceptable and utilities will be willlng to pay more for a

low sulfur fuel. Mild pyrolysis char from high sulfu_ coal also may not be

acceptable as fuel unless its sulfur content can be reduced. This may require

a combination of deep-cleaning the feed coal for mineral sulfur removal in

conjunction with posttreatment of the char with steam or other reagents for

reduction of organic sulfur. A reduced sulfur content char might then become

an alternative to a more costly low sulfur coal.
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The vast majority of high sulfur, high volatile bituminous coal is

subjected to some form of coal preparation prior to shipment. Coal prepara-

tion typically consists of sizing the coal (crushing and screening),

" gravitational separation of the coal and mineral matter utilizing water or

heavy media, and the dewatering of the clean coal. The preparation facility

" will generally have different circuits treating different sizes of raw coal --

coarse, middlings, and fine. The amount of fine coal produced is dependent on

coal characteristics, mining methods, and the degree of sizing.

The quality of the various size products will vary because crushing to

small sizes produces more liberation of mineral matter, but it also presents

more surface area allowing for retention of water. Table 1-32 shows the

quality of the various sized products produced in a preparation plant process-

ing over 5 million tons per year of run-of-mine Illinois No. 6 coal. The

smaller size fractions are significantly higher in moisture content, and thus

lower in Btu content. As a result, the fine product disproportionately

reduces the heating value of the total coal product. In addition, as

indicated in the previous discussions, the amount of fines in the product can

be a contractual issue with the consumer who wishes to avoid material handling

problems. As a result, the amount of fines in the final product and its

quality are constant operating constraints on the preparation process.

Table 1-32. PREPARATION PLANT PRODUCT QUALITY

Product Size Moisture Ash Sulfur Btu/ib
wt %

2-in. X 1-in. 11.35 10.24 3.11 ii,III

1-in. X 2 mm 12.45 9.20 2.91 11,117

" 2 mm X 1 mm 13.31 9.89 2.93 10,877

1 mm X 100 mesh 18.72 10.96 2.75 9,980

" 2-in. X 0-in. 13.20 10.37 2.99 10,871

Integration of the mild gasification plant with the preparation plant can

address this fine coal problem. The minus I/2-in portion of the preparation

plant coal product would be segregated to feed the mild gasification plant.

Figure 1-76 shows the material flows for an integrated process for a 4 million

raw ton per year preparation plant. This is a common siz_ of preparation

plant. There are 13 plants this size or larger located in the state of
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Illinois. 90 For this configuration, the preparation plant is assumed to yield

70% by weight of product coal and the product coal has the size distribution

shown in Table I133.

Table 1-33. PRODUCT COAL SIZE DISTRIBUTION

. Size % of Product

2-in. X I/2-in. 40.0

i/2-in. X I/4-in. q.5

i/4-in. X 0-in. 37.5

Utilizing the material balance and the quality of Illinois No_ 6 coal and

char reported by Khan, 38 the quality of the char/coal blend can be computed as

shown in Table 1-34. In addition, by utilizing the utility ash and moisture

price adjustments from the utility procurement procedures and the volatile

matter and sulfur premium/penalty factors from Kolstad et al., 84 the adjusted

price of the coal, char, and blend can be computed as shown in Table 1-34.

Based on these factors and assuming a $1.20 per million Btu f.o.b, mine price

for coal, a utility would only be willing to pay 45% of the value of the coal

for char ($0.54/106 Btu). However, the utility would be willing to pay 88% of

the value of the coal for the charcoal blend ($1.06/106 Btu).

Table 1-34. COAL AND CHAR QUALITY AND PRICE FOR ILLINOIS NO. 6 COAL

Specification Coal Char Blend

Moisture, wt % 4.05 1.25 3.31

Proximate Analysis, wt % dry

FC 53.4 74.5 59.0

. VM 37.8 15.8 31.9

Ash 8.8 9.7 9.0

Total I00.0 i00.0 I00.0

Sulfur, wt % dry 3.2 3.0 3.1

Btu/Ib (dry) 13,052 12,275 12,845

Adjusted f.o.b. Mine Price

S/ton 30.00 13.12 26.23

$/106 Btu 1.20 0.54 1.06

% of Coal Price 100 45 88
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The "willingness to pay" value of the char/coal blend is conservative

because it does not account for other benefits of blending the coal and char.

First, hot (1200°F) char will initially be mixed with the I/2-in. X I/4-in.

fraction of the clean coal to cool the char. This will heat up the coal

causing the release of moisture and increasing the Btu value of the blend and

ultimately the total product. Secondly, during this mixing of hot char and

fine coal, the coal will release tars as well as moisture. The tar may

promote the agglomeration of the fine char and coal particles and decrease the

percentage of -I/4-in. material. Although the extent to which either of these

benefits will occur remains to be verified, preliminary heat balance estimates

for the integrated process indicate that there is sufficient excess heat in

the hot char (120G°F) to I) completely dry the I/2-in. X I/4-in. coal product

that would be blended with the char and 2) raise the coal to a temperature of

650OF (high enough for tar liberation). Furthermore, the heat balance for the

mild gasification process indicates that there is sufficient heat for drying

the 2-in. X I/2-in. clean coal product, reducing its moisture content by as

much as 4 percentage points (that Js_ from 12% to 8%). The beneficiation of

these two product streams will increase the Btu content of the char/coal blend

and make its market value approach or even exceed the value of the feed coal.

Form Coke

A second major market for coal is coke. Coke is primarily used for blast

furnace iron ore reduction, but has other metallurgical and chemical uses.

The second option for marketing the co-product char from the mild gasification

process would be to produce a form coke to service the steel industry.

Status of the American Steel Industry

The United States steelmaking industry has been experiencing far reaching

changes during the past 10 years. The decline in steel production which

started in 1979 as a relatively mild capacity adjustment continued and now

seems to have stabilized at about 60% of the 1976 capacity (Table 1-35).

The coke consumption for the ironmaking operation (Table 1-36) has

undergone similar changes and decreased from the high level of domestic

production capacity of about 80 million tons in 1976 to about 25 million tons

in 1986 and 1987. An increasing fraction of the blast furnace coke used in

the United States is expected to be imported. This is caused mainly by the
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Table 1-36. U.S. CONSUMPTION OF METALLURGICAL COKE

(Million tons/yr)

1980 1981 1982 1983 1984 1985 1986

Production 46.1 42.8 28.1 25.8 30.6 28.7 25.5

Imports 0.66 0.53 0.12 0.04 0.58 0.58 0.33

shutting down of coke ovens, in turn primarily due to the aging of U.S. coke

batteries and the increasing cost of meeting environmental regulations. Of

the existing coke ovens, 50% are older than 20 years and many have long

exceeded their projected life expectancy (Table 1-37). There appears to be no

plans for major building of new ccke batteries or for rebuilding old units,

although a few new units have been built. 91

Table 1-37. AGE PROFILE OF U.S. COKE OVENS AS OF DECEMBER 31, 198791

(Estimated as Percent Total)

<5 yrs 6-15 yrs 16-25 yrs 26-30 yrs >30 yrs

7.2 14.4 27.8 22.3 28.3

Note: 50% are older than 20 years.

The U.S. production of basic ca£bon steel rests on the oxygen process

which in turn requires a supply of liquid iron smelted from iron ores in the

conventional coke blast furnaces.

It is expected that the production of oxygen process steel will hover

around 47 to 50 million tons/yr into the 1990's provided the blast furnace

divisions are supplied with sufficient metallurgical coke.

The improving productivity and financial situation of the steel industry,

contributed to by the decline in the U.S. dollar, might bring about some

changes in the building plans for new coking capacity. So far only a few new

coke batteries have been built. More have been shut down. New batteries are

expensive to build and thus represent a major expenditure. The estimated

construction costs range from $300 to $350 per annual ton of coke produced.

In addition, the air quality control regulations of the U.S.

Environmental Protection Agency (EPA) and individual state environmental

departments are making it very difficult for conventional coke batteries to
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meet the air quality requirements. Thus, the future of the existing and new

by-product coke batteries in the United States is questionable at best.

• he United States coke requirements are currently estimated to be about

24 to 27 million tons/yr for the next I0 years. However, the United States

production capacity for coke is projected to fall to about i0 million tons by

1991. With no new coke ovens to be built, imports would have to make up the

difference, as shown in Figure 1-77.

The United States steelmakers could obviously import more coke from

abroad saving construction capital but this will become counterproductive for

several reasons. The important issues are as follows:

• Loss of coke production capacity and dependence upon foreign suppliers

for a strategically important raw material (without which production of

high quality steel is not possible).

• Loss of gaseous and liquid by-products of the coking operations

• Outflow of dollars to pay for imports

• Further cutbacks in the production of U.S. coal.

A possible solution to live with the reduced availability of U.S. coke is

to practice processes where liquid iron could be produced without coke, such

as the Corex process. In this process, medium volatile coal is reacted with

oxygen, thus avoiding the need to first carbonize the coal to coke in by-

product coking batteries. 92

It is also possible to produce the coke by means of modified coking

: processes -- such as the wide oven designed by the Bergbau-Forschung

organization of Germany or a modified beehive coking method such as the

_hompson nonrecovery (by-product destructive) oven. However, these processes

• still consist of coking chambers with many of the economic and environmental

problems of conventional coking batteries.

The most promising innovation is the concept of form coking, consisting

of the production of uniformly sized briquettes, made essentially of

devolatilized char and carbonaceous binders and subsequently subjecting the

briquettes to high-temperature carbonization. This project will investigate

the feasibility of producing binderless form coke. By mixing the hot char

with raw coal, the coal would heatup and become soft. The tar resulting from

coal devolatilization could serve as the binder for briquetting the char-coal

mixture.

1-179

_



1-180



Form Coke Processes

Many form coking processes have been proposed and patented, although only

a few have been developed to the commercial stage. Six of the most signifi-

cant processes that have actually produced enough coke for blast furnace

trials, are listed below and described in detail in Appendix G --

. i. Eschweiler Bergwerkverein (Ancit), Germany

2. Bergbau-Forschung-Lurgi (BFL), Germany

3. Houilleres du Bassin de Nord (HBN), France

4. Sapozhinkov -- Ukranian Institute of Coal Research, USSR

5. Didier-Keihan Rentan-Sumitomo Metal (DKS)_ Japan

6. FMC Corporation (FMC), United States.

One other process, the Consol-BNR Coke Pellet Process, progressed to the

demonstration plant stage; however, the work was suspended before any

significant blast furnace trials could be run. Pertinent features of these

processes are summarized in Table 1-38.

The potential benefits of producing form coke are essentially as follows:

A. The use of uniformly sized and shaped form coke briquettes in place of

by-product oven coke is expected to increase blast furnace productivity

and lower the coke rate, possibly by as much as 100 pounds of coke/ton of

hot metal. Using data generated by Inland Steel's plant energy model

together with conceptual design data on the form coke process, it has
been calculated that a 100 lh/ton decrease in the coke rate would result

in a 5-1/2% decrease in the total energy requirement per ton of raw steel

produced at the Indiana Harbor Works. If extended to the entire steel

industry in the U.S., coal savings on the order of 8 million tons/yr

could be projected- 92

. B. In the by-product oven process, a closely controlled blend of

metallurgical coals must be used to charge the ovens. In contrast, the

FMC coke process can use a single coal or blend of coals which can be

. either coking or noncoking coals. Hence, by utilizing this process, a

much larger range of coals and, in turn, a much larger reserve of coals

become available for producing coke for blast furnace use, thus reducing

the dependence of the steel industry on metallurgical coal, an

increasingly critical fuel.

C. The cost of mining good metallurgical coal in the U.S. is often quite

high. In contrast, many of the nonmetallurgical coals that are suitable
for the FMC form coke process can be mined more cheaply, and the lower

mining costs ultimately result in lower coke costs. Furthermore, it is

likely that overall average energy expended on mining these coals would

be decreased.
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D. As a result of less dependence on metallurgical coals, the coke require-

ments of steelmakers could be met fully with coals closer to their

plants, resulting in dollar and energy savings in transportation (0.5 to
1.0 million Btu/ton of coal for 300 miles).

" E. A large but unknown quantity of coal has either been left in metallurgi-
cal coal mines or mined out and discarded because it is too oxidized to

be used to make coke. This coal could be used to make form coke. Thus,

" the amount of Eastern coals usable for coke-making would be expanded and

the productive lives of many Eastern metallurgical coal mines would be

extended. This could postpone job relocations and help to defer new mine

construction with its attendant capital, energy, and environmental costs.

F. At the present time, by-product ovens present the most serious air pollu-

tion problem facing the steel industry. Strict OSHA regulations to

protect coke plant workers have been put into effect and have necessi-

tated major efforts and expenditures by the steel companies. The EPA is

currently investigating the potential health effects of coke plant emis-

sions on %he general population and is considering additional stringent

regulations. The by-product oven is a refractory structure operating

under positive pressure and, as a result, fumes can escape through any

cracks or openings. When by-product ovens are sealed, containment of

emissions is relatively good. However, whenever the oven is opened,

which must occur every 12 to 24 hours, substantial energy must be

expended to either prevent fumes from escaping or recapture them after

they exit the oven. in contrast, a process like the FMC form coke

process is able to control and contain emissions. It is a continuous,

closed process with coal entry and exit from the steel shell carboniza-

tion vessels controlled by effective seals. The process recommended for

development in this project will meet these criteria.

G. By-product oven coke is normally quenched from the incandescent state

using thousands of gallons of water, which results in steam being

discharged to the atmosphere with entrained fine coke particles and

fumes. This quenching operation is recognized not only as a major energy

loss, but also as a pollution source. In contrast, form coke, after

coking, is cooled in an enclosed kiln or shaft with countercurrent

flowing gases which cool the product and permit the reuse of a portion of

the energy which would otherwise be lost, a feature which is much more

. practical with a continuous process. The gases can readily be contained
and cleaned to prevent air pollution.

" H. The potential exists for form coke plants to be constructed close to coal

supplies, where form coke could be produced for export. This approach

would not only provide a more valuable product for export than

metallurgical coals, thus having a favorable impact on the balance of

trade, but also make more jobs and by-products a ailable in the U.S.

I. A significant percentage of the existing coke batteries of the U.S. are

at an age such that a massive replacement effort will be necessary in the

period 1988 to 2000. Furthermore, present coke import data indicate a
lack of foreign coke-making capacity to fully support coal-based

steelmaking operations in the U.S. If a viable form coke process for

producing a blast-furnace-quality product is successfully demonstrated,
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immediate and extensive application of the form coke process technology

in the steel industry of the U.S. can be expected.

J. Form coking processes produce as a by-product, condensable hydrocarbons

and gaseous fuels with gas heating values ranging from 150 (FMC) to over

600 Btu's (BFL) per cubic foot. This represents 20% to 25% of the

heating value of the original coal and should be sufficient for in-plant

energy needs.

Form coke represents a desirable fuel material for the following three basic

applications:

i. Metallurgical coke replacement -- potential market approximately

25 million tons/yr

2. Chemical coke (production of sugar, ferro alloys, phosphorus) --

potential market approximately 200,000 tons/yr

3. Domestic fuel (smokeless) -- market approximately 1.5 million tons

(1988), which is expected to increase to >i0 million tons in the 1990's

because of growing local shortages of natural gas, anthracite, and wood.

To enter the major metallurgical market for blast furnace use, the coke

must meet acceptable standards for i) size consist and mechanical strength,

2) density and reactivity, and 3) sulfur and ash content. The utility of char

from a high-sulfur bituminous coal will depend on meeting the first and second

standards, and by compensation in price for probable deficiencies in the third

standard, lt is possible that sulfur content could be compensated for by the

addition to the coke briquette of small amounts of lime or lime-dolomite

blend. This would reduce the quantity of extra limestone charge to the

furnace that would otherwise be required.

Several trials of lime addition to form coke were carried out in the

1960's by the BBF laboratories in Essen, Germany, with very promising

results. Lime addition would supplement the present practice of blowing lime *

into the hot iron after the blast furnace to eliminate residual sulfur and

other contaminants.

Coke Prices

The average price in 1986 for import and export coke was $78 to $80 per

ton. These prices are f.a.s. (free alongside ship). Prices had been higher

in 1982 when coke demand was higher. Wierton Steel reportedly paid Si10/ton

in 1982 for metallurgical coke imported from Japan. 93 Also, McLouth Steel and

Sharon Steel Corp. have paid similar prices, as these companies do not have
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any of their own coke batteries. These costs may have increased significantly

with the devaluation of the U.S. dollar relative to foreign currencies,

particularly with respect to the Japanese Yen.

The Rexco low-temperature carbonization plant in Nottinghamshire, U.K.

exports -1-in. coke, made from a local gas coal, to a ferro-silicon industry

in Norway at a cost in excess of $100/ton. The +l-in. coke is sold now as a

domestic fuel at about $167/ton. 94

Marketing Strategy

The U.S. coking and blast furnace iron industry would be strengthened in

many respects by the development of a supplementary form coke process using

nonmetallurgical grade coals. A continuous, enclosed production process, in

contrast to the standard slot-type batch-operated coke oven, would be better

able to meet environmental restrictions.

The issues of greater steel industry productivity, assurance of a secure

domestic steel industry, a better U.S. trade balance position, reduced

external pressures from the declining U.S. dollar, and increased employment

opportunities will favor the development of economical coking processes.

Market penetration could begin by extending current supplies of metallurgical

coke by displacing coke imports. Expansion could occur in replacement for

coke production from aging and environmentally unacceptable domestic

facilities. In addition, the cost competitive nature of form coke and its

acceptability by the metallurgical industries may even open up potentially

significant exports to Europe.

Smokeless Domestic Fuel or District Heating Fuel

- A third solid co-product option assessed is for the production of a

smokeless domestic fuel. The product would be similar to form coke but it

" would be adjusted in composition to achieve acceptability as a substitute for

anthracite coal or cordwood. The feedstock for the smokeless fuel would come

from the integration of the mild gasification process with existing coal

preparation plants. A portion of the clean coal product would be utilized to

produce the smokeless fuel, while the remaining clean coal would be sold as a

beneficiated steam coal. Beneficiation would occur because the fine portion

would have been removed and used in the mild gasification process. In

addition, excess heat produced in the gasification process could be utilized
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tO dry the steam coal. The reduction of fines and drying will increase the

market acceptability and value of the coal.

The market price for the smokeless fuel can be determined from the

relative prices for other similar domestic fuels, namely, anthracite and

cordwood for domestic heating purposes. The cost of anthracite ranges from

about $65 to $125/ton delivered for a residential size and grade (costs depend

on distance from mines and retailing practices). Commercial grades of

anthracite cost $40 to $50/ton. However, U.S. anthracite use peaked in 1970

at i00 million tons. About 3.2 million tons were produced in 1979 and about

3 million to 4 million tons were produced in 1986 of which about 75% was

exported. In 1986, residential anthracite use was only 1 million tons. The

balance was exported to Canada, Europe, and Korea in 1986.

When compared by heating value, the current domestic use of firewood

would be equivalent to about 50 million tons of smokeless fuel. Cordwood

generally costs about $7 to $i0 per million Btu delivered in the United

States.

While the acceptability of smokeless domestic fuel may face problems in

the United States, the export market could be significant. Countries with a

shortage of firewood or fossil fuels are candidate markets. Environmentally-

concerned countries could use a smokeless fuel as a district heating fuel in

better-controlled central boilers. In addition the smokeless fuel should also

be useful for light industrial use.

A competitive export price of smokeless fuels would currently be about

$4.50/million Btu. This equates to about $100/ton, which if delivered to

Korea, includes $30/ton for land and sea shipment. In comparison, as stated

earlier, the Rexco process is now selling smokeless domestic fuel in the U.K.

at a cost of about $167/ton. 94 Smokeless fuel briquettes made from mild

gasification char containing limestone to capture sulfur will provide the

added benefit of significantly reducing sulfur emission upon combustion.

These briquettes will have a heating value of about 10,000 Btu/ib with 30%

ash. The Sulfurtain process development work conducted with preparation plant

wastes and a high sulfur Ohio coal at the Coal Research Bureau of West

Virginia University has shown that briquetted coal with a Ca/S stoichiometric

ratio of 2 could be burned with nearly complete SO 2 capture. 95 Smokeless

briquettes made in Korea, for example, with Korean coal, U.S. anthracite, and
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a clay binder, have a lower heating value, 8000 Btu/Ib, and a higher ash

content of 40%.

A comparison of the prices of conventional domestic fuels is illustrated

in Figure 1-78. The smokeless fuel is arbitrarily assigned a price of $4.25

to $4.50 per million Btu in order to make it competitive with widely used wood

fuel.

A U.S. Rexco representative reported on a project to replace wood burning

in a Colorado town with the smokeless fuel now manufactured in the U.K., in

order to demonstrate a resulting improvement in air quality. 96 It is

anticipated that this project will be conducted sometime this year. The

results to be obtained from this demonstration project should be useful in

determining the public acceptance of this new fuel form in the U.S.

Successful production and marketing of smokeless domestic fuel may

provide another quality fuel that the U.S. could export to nearby Central and

South American countries. This strategy is consistent with the policy of DOE

to export clean coal products to the developing countries. 97 Using smokeless

fuel from coal will aid the developing countries to slow down the ravages of

deforestation.

Adsorbent Carbon or Char

The final solid co-product considered is an adsorbent carbon or char

product that could be made by steam activation of the mild gasification

char. A powdered form and/or a granular form could be produced. The present

prices are about $0.50 to $1.00/Ib in bulk for the powdered and granular

activated carbon forms, respectively.

- Adsorbent carbons are now made from a variety of carbonaceous materials

including coal. Process steps include sizing, carbonizing, and activating.

• The powdered forms are generally mixed directly with a contaminated liquid

stream for purification, whereas the granules are used in a packed bed through

which the contaminated liquid stream passes. Treatment of effluent streams in

the paper and pulp industry and treatment of refinery activated sludges are

major uses.
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The U.S. demand for adsorbent carbons is presented below:

1980 125 X 106 ibs/yr (62,500 tons/yr)

1986 200 X 106 Ibs/yr (I00,000 tons/yr)

1990 (est.) 300 X 106 Ibs/yr (150,000 tons/yr)

The existing U.S. plant capacity is now about 300 to 330 million Ibs/yr

(150,000 to 165,000 tons/yr).

Demand will increase if rising concern forces enforcement of clean

drinking water standards. However, compatibility of a coal-derived char

(potential for leachable organics) with drinking water treatment would have to

be demonstrated. Future demand may also be affected by the advent of natural

gas-fueled vehicles using adsorbent carbon to store natural gas on board.

This market could approach 450 million ibs/yr of adsorbent carbon if each of

the 3 million vehicles (city trucks and buses and fleet vehicles) uses about

150 ibs/vehicle/yr. However, the possible production of char for upgrading to

adsorbent carbon from one mild gasification plant processing 1 million tons/yr

of coal would be about 1180 million Ibs/yr, or 590,000 tons/yr of char, which

is far in excess of the projected demand. The market for adsorbent char may

be too small for a single, devoted solid product from the mild gasification

process. However, this market could be considered if a dual solid product

option could be implemented within the mild gasification process. Diverting a

portion of the char stream to adsorbent char or low-sulfur char preparation

from the main char product, such as form coke or domestic fuel, may be

feasible.

Market Assessment of Condensable Hydrocarbons

The markets for the coal-derived condensable hydrocarbons is small

compared to the coal utility market. In addition, the petroleum-derived

equivalents dominate the market and, with the existing soft oil prices, the

current market preference for coal-derived products is limited. Since the

low-temperature tar is closer to crude oil than the high-temperature coke oven

tar, many were promoting mild gasification oils and tars as substitute liquid

fuels. However, because of the aromatic nature, high ash, high sulfur, higher

oxygen content, and lower heating value, the coal liquids will have to be

filtered and may require severe hydrotreatment to adequately reduce the

contaminants. Even though recent claims advocate the direct use of the coal
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derived liquids along with diesel fuel, there is not any existing experience

with the extended performance of internal combustion engines with these

fuels. Besides, even if the market does exist for these liquid fuels, they

could only be sold at a price comparable to No. 6 fuel oil of about 35¢ to

45¢/gai, which is not considered to be a value-added price. At this cost, it

may be difficult to justify any separation and upgrading of the coal-derived

condensables.

The Koppers Co. and Reilly Tar and Chemicals are the two largest coal tar

processors in the U.S., and they will purchase the crude condensable

hydrocarbons (with less than 2% moisture) at a price of 40¢ to 46¢/gai, which

is higher than the fuel value. 98'99 In order to explore other potential

value-added uses, further discussions were held with Allied Signal, USX,

Western Tar, Coopers Creek, and Carbochem of Canada.

The important information required to identify the value-added uses for

the major constituents of the coal-derived condensable hydrocarbons were

obtained from Koppers and Reilly Tar and Chemicals. A discussion of the key

condensable co-products is given below.

Tar Pitch

Pitch is derived by the fractionation of the condensable hydrocarbons

produced during mild gasification. Depending upon the processing conditions,

the pitch fraction can be from 25% to 55% of the coal tar. Pitch can be used

as a binder for electrode manufacture for the steel and aluminum industries.

Pitch is also useful as a roofing or road tar and as a special protective

coating and sealant. Koppers has stated very clearly that coal tar pitch

drives their business. About 95% of the pitch market is controlled by Koppers

and by Reilly Tar and Chemicals.

The price for pitch as an electrode binder is about $250/ton and about

$150/,_on for roofing and road tars. Most of the pitch from coke oven

operations is used as an electrode binder, because of its high C/H atomic

ratio, making it preferable to petroleum pitch.

The U.S. production of pitch from coal has been declining as a result of

the declining U.S. production of metallurgical coke. Figure 1-79 shows the

U.S. coal tar production data from 1965 to 1984. 100 In 1985, the United

States produced about 1200 million pounds of pitch. About 185 million pounds

were imported from Canada, Mexico, Asia, West Germany, and Australia.

1-190



;_ 800 ,7_ ; _,
700 ,,_. ;_ _ l ;

6OOsoo _,i_,, ,,_.,, , , .::

400200 !_i_;, _, ,_. :

63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85

YEAR

Figure 1-79. COAL TAR PRODUCTION TRENDS IN THE UNITED STATES
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The future of U.S. pitch production and pricing is tied to the U.S. coke

production and the marketing of petroleum products, namely petroleum pitch.

However, coal-derived pitch is now in very strong demand by the domestic and

foreign aluminum industry, and also by the metals industry in general, to

produce electrodes and graphite blocks for cupolas.

The production of graphite products from pitch coke is expected to

increase due to a growth in world demand for electrodes in electric arc

steelmaking and aluminum ore reduction. Graphite is also made (bound with

pitch) into furnace liners in the metal industries. The production of

graphite products was 154,500 tons in 1983 (down from 286,000 tons in 1979),

but as electric arc steelmaking increases, this will increase. The current

price of pitch coke is about $340/ton.

Pitch produced in the United States would curtail the imports from China,

Japan, Korea, and Germany and contribute to a reduction in the national trade

deficit.

Heavy Creosote Oil

The heavy oil fraction from coal, represented by creosote oil, is used

mainly as a wood preservative and to produce carbon black for the rubber

industry. Carbon black is produced by incomplete combustion of creosote oil.

The use of creosote oil as a wood preservative is declining due to environ-

mental concerns. The present price of creosote oil is $1.00/gal, as reported

by Koppers Co. In 1986 the U.S. production of creosote oil was 80 million

gallons. Imports of creosote oil in 1985 were 11.5 million gallons mainly

from the Netherlands, West Germany, and France.

Carbon Black

The prices for carbon black from a variety of feedstocks vary from $0.26

to $0.32/ib. About 90% of carbon black produced, is used by the rubber

industry not only for the coloring, but for the improved physical structure

and resistance to oxidation resulting from the compounding of carbon black

with rubber. The balance of carbon black produced is used by the pigment and

ink industry.

Presently, the bulk of carbon black is produced from heavy petroleum

liquids, which control the price. The heavier coal-derived liquids can also

be used, and in some cases are superior to petroleum feedstocks, for carbon
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black production. The U.S. production of carbon black from all sources is

reDorted as 1.45 and 1.29 million tons in 1984 and 1985, respectively.

Middle Oils

The major extractable components of middle oil from coal are phenol and

naphthalene. Recent prices for phenol are $0.34/Ib and $0.22 to $0.30/Ib for

naphthalene. Production figures for naphthalene were difficult to obtain.

Most of the naphthalene produced from coal tar liquids is converted to

phthalic anhydride, which is used as a plasticizer.

The supply and price components of these are dominated by petroleum

refining. Phenol demand may increase because of its increasing industrial use

in manufacturing fireproof phenolic foam insulation. U.S. production of

phenol, phthalic anhydride, and BTX are given in Table 1-39. 101'102

Table 1-39. U.S. PRODUCTION OF SELECTED CO-PRODUCTS 101'102

1982 1984 1985 1986 1987 1988 (est._

Phenol, 106 tons NA 2.750 2.841 3.115 3.300 3.450

Phthalic

Anhydride, 106 tons NA 0.43 0.41 NA NA NA

Benzene, 106 gals 1052 1318 1283 1362 1520 1600

Toluene, 106 gals 714 728 688 760 775 790

o-xylene, 106 ibs 802 688 697 788 950 1000

p-xylene, 106 ibs 3391 4264 4779 5035 5300 5600

NA -- not available in sources used.

Light Oils

The major extractable components of the light oil fraction from coal are

benzene, toluene, and xylene. Recent prices for these products have been

$0.95/gai for benzene, $0.77/gai for toluene, and $0.78/gai for xylene. The

market is again dominated by petroleum refiners. The uses of these chemicals

are many as a chemical feedstock. They also can be used as additive octane

enhancers for gasoline.
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Ammonium Sulfate

Ammonium sulfate is a minor product stream that can be obtained from the

ammonia produced during mild gasification and it can be easily sold to the

fertilizer industry. Prices for commercial grades of ammonium sulfate have

been about $60 to $80/ton.

Marketing Strategy

Based on the information obtained from the major coal tar processers, it

is evident that the nonfuel uses for the condensable co-products will generate

sufficient additional revenues to improve the economics of conceptual commer-

cial mild gasification processes. Of the markets surveyed, the value added

uses for the major components in the condensable fraction are as follows:

• Pitch for electrode binders and graphite blocks

• Heavy creosote oil for carbon black production

• Middle oil to produce phenols and naphthalene

• Light oils to produce BTX for chemical feedstocks and as an octane
enhancer.

The expected annual yield of these chemicals from one integrated mild

gasification plant is shown in Table 1-40. The comparison of the annual

co-product yields to the most recent U.S. annual production is also given,

including the two f_rmed solid products.

Table 1-40. COMPARISON OF CONDENSABLE HYDROCARBON YIELDS FROM ONE

INTEGRATED MILD GASIFICATION PLANT WITH MOST RECENT U.S. PRODUCTION

Annual Mild Percent of

Co-products Gasification Yields U.S. Production

BTX 8-11 X 106 gals 0.3 .

Phenols, etc. 16-17 X 106 gals 2.0

Pitch 36-53 X 106 ibs 4.0 •

Pitch Coke 24-36 X 106 Ibs NA

Creosote 19-20 X 106 gals 25.0

Smokeless Fuel 1.0 X 106 tons 2.0

Form Coke 0.8 X 106 tons 3.2

i

1.4 million tons/year integrated plant capacity.
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While the demand for these co-products is very strong at present, the

anticipated growth in demand is modest at best. However, there are two

critical factors which could quickly improve the demand. These include a

- disruption in the OPEC oil supply and a worldwide economic recovery which

would put a lot of pressure on the metals and chemical industry to expand

. rapidly.

The market survey has identified aromatic products as being the prefer-

able mild gasification co-products. Consequently, the reactor development

effort will be directed to maximize the production of aromatic condensables.

Conc]usions From Market Assessment of Solid and Condensable Co-products

The market assessment showed that the value-added solid products from the

mild gasification process would be char/coal blend utility fuel, form coke,

smokeless fuel, and adsorbent char. Other products or applications

identified, as discussed in Appendix C, need additional product development

for advanced or specific technology applications.

The market assessment information was developed by IGT in consultation

with Peabody Holding Co., Bechtel National, Inc., and representatives of

utilities, the iron and steel industry, and other industries. Information was

gathered on the expected demand, pricing levels, commercial product

acceptance, and near-term market directions.

Form coke and smokeless fuel show the greatest present market

potential. The future demand for adsorbent chars may be larger if clean

drinking water standards are enforced and natural gas fleet vehicles become

prominent in cities. However, that market by itself may be too small for the

single, devoted product of mild gasification. A dual solid product option may

be feasible to supply the adsorbent char market.

• A key factor resulting from these discussions is that for any of the

solid product options, the integration of the mild gasification process with a

coal preparation plant leads to synergistic benefits. The main benefits of

the integration are that the delivered steam coal product to the utility will

be drier with less fines, and the fines from the preparation plant will be

utilized in the mild gasification process, thus aiding the throughput and

productivity of the coal preparation plant.
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The market survey and assessment of the potential condensable

hydrocarbons from the mild gasification process identified the following

products that would qualify as value-added products: pitch, creosote oil,

phenols, naphthalene, and a mixed stream of benzene, toluene, and xylenes

(BTX). The use of any of the condensable hydrocarbons as fuels would not be a

profitable value-added situation in the present energy market, without

considering the expected upgrading processing required.

Discussions with the Koppers Co. and Reilly Tar and Chemicals Co. and

other tar processors provided information about the markets and prices for

coal tar-derived products. Computerized marketing data bases were utilized to

develop production, import, and forecast information. While the present

demand for these products is good, the future demand is expected to grow

slowly. Oil price increases or a reduction in availability would increase the

demand for coal-derived products as would a general worldwide economic

upturn. At present the coal tar liquids are produced exclusively from

metallurgical coal coking ovens. The number of U.S. coke ovens are declining

mainly due to age and new units are very costly to build to satisfy

environmental concerns. Meanwhile, imports of coke and coal tar liquids may

increase dramatically and thus adversely affect the market. Hence, the

development of a mild gasification process, which provides for better control

of all process streams could revive the U.S. coal tar industry and regain or

even open new opportunities for the U.S. coal industry.
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DISCUSSION OF MILD GASIFICATION TECHNOLOGY

Mild Gasification Reactor Systems

• A wide variety of reactors have been employed to carbonize coals ranging

from lignites to bituminous coals. The preferred process conditions for mild

. gasification dictates the reactor design. The gas-solid contacting method

defines several of the process parameters, particularly particle size and

particle heat-up rate. The following information is a brief summary of the

advantages and disadvantages of the major types of reactors given in Table 1-

41, and is discussed below.

Fixed-Bed Reactor

The major advantage of the fixed-bed reactor is its simplicity and the

fact that it has been extensively developed. Most of the reactors have been

based on coke-oven designs adapted to low-temperature carbonization. The

basic technology is simple and any coal of any particle size can be used since

the char mass must be pushed out or dislodged by some mechanical means

following carbonization.

There are several disadvantages of fixed-bed carbonization reactors: It

is a batch operation which is slow and difficult to scale up; throughput is

limited; environmental controls are difficult because of the necessity of

opening the vessel to remove the char; there is little flexibility or control

over the product slate due to the nonuniformity of reactor conditions; and the

method is limited to slow particle heating rates. Internal heating has been

used to minimize the latter two of these effects, but in this case, the feed

properties are severely limited due to flow patterns and pressure drop.

" Vertical Movinq-Bed Reactor

The vertical moving bed offers advantages over the fixed-bed in that it

can be operated continuously and it is more practical to incorporate in it the

design modifications such as internal heating and the injection of various

gases or steam. Volatiles can be withdrawn continuously from the reactor.

Increased throughput and better control over product quality are the

consequences of these advantages.

The principal disadvantage of the vertical moving-bed design is the

difficulty associated with movement of the coal through the reactor. Any
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agglomeration or sticking that obstructs the movement of coal is a serious

problem. For this reason, severely caking coals have generally not been

processed in this type of reactor, and even slightly caking coals require some
t

form of pretreatmenc or mechanical stirring. For other coals, the feed has

generally been restricted to briquettes or lump coal. In addition, the

" particle heating rate, though more uniform than in fixed beds, is too slow for

optimum mild gasification.

Horizontal Moving-Bed Reactor

The horizontal reactor design offers the same advantages as the vertical

moving bed compared to the fixed-bed design. In addition, the horizontal

design avoids some of the problems associated with moving the coal particles

by gravity alone. Most of the horizontal designs use some mechanical means to

move the coal through the reactor, either by rotation of the reactor vessel or

by some internal paddles or screws.

The disadvantages of this design, in addition to those mentioned for

vertical moving beds, include the added complexity of moving parts. As with

vertical moving beds, there are limitations in the ability to process caking

coals. Because of size limitations imposed by the mechanical features, the

throughput rate is limited.

Conveyor-Bed Reactor

Conveyor-type reactors are essentially similar to horizontal moving beds,

except for the difference that the moving element is a flat pan or similar

device. The technology of conveyor equipment is well established, and

distribution of the coal in a thin layer on the conveyor allows more

. flexibility in coal particle size range.

The disadvantages of this type of reactor include very limited throughput

and the difficulties associated with the exposure of moving parts to the high

temperature and potentially corrosive environment inside the reactor vessel.

Fluidized-Bed Reactor

The fluidized-bed design offers numerous advantages over fixed-bed or

moving-bed designs. Mass and heat transfer are m,lch more rapid, resulting in

a greater uniformity in processing conditions, and thus greater control over

the product characteristics. Particle heat-up rates are much higher,
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resulting in potentially higher condensable yields. The residence time of

volatiles is also limited since the fluidizing medium moves at a relatively

high velocity through the bed. The design is relatively simple, and allows

for easy scale-up. Throughput can be greater than with other reactor

configurations. Additionally, solid diluents, additives, or catalysts can

easily be introduced into the reactor since mixing in a properly designed

fluidized bed is uniform.

The chief disadvantage of coal pyrolysis in a fluidized bed is the

difficulty of processing caking coal; agglomeration upsets the properties of

the fluidized bed. Pretreatment of caking coals by partial oxidation has been

used as a method of overcoming this in coal gasification. In other designs,

such as KRW and U-GAS processes, the maintenance of a certain amount of char

inventory in the bed has been proven sufficient to avoid excessive caking.

The addition of other particulate solids such as sulfur-capture additives can

also prevent agglomeration.

Entrained-Bed Reactor

The advantages of entrained-bed reactors are similar to those of

fluidized beds. In addition, the entrained-bed design allows for even higher

particle heating rates, shorter residence times, and higher throughputs.

Solid-solid contact is more limited than in fluidized beds. These factors can

result in the highest tar yields attainable in a continuous mild gasification

reactor.

There is a limitation in the particle size range which can be processed

in an entrained bed, based on the hydrodynamics of the particle-fluid system;

the particles must be small enough to be entrained in the gas phase at a

practical gas velocity.

Selection of a Reactor Design

A review and comparison of the published fundamental mild coal

gasification research data with the large-scale process performance data,

points out that the significant benefits of mild gasification are yet to be

realized in commercial operations. The state-of-the-art mild gasification

technology involves processing noncaking, low-rank, and low-sulfur coals at

slow heat-up rates, with the endothermic energy being supplied by partial

combustion of the valuable devolatilization products, very often within the

reactor system.
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The discussion in the previous sections clearly shows that these

practices are not favorable for producing the value-added coal-derived

products. The knowledge gained from the advanced coal gasification process

v research-and-development experience during the past two decades forms the

basis for proposing a reactor system with several improvements over the

• available technology. The process development research for KRW and U-GAS (and

other fluidized-bed systems) have clearly shown that highly caking bituminous

coals could be directly gasified in a single-stage fluidized-bed reactor. In

fluidized beds the agglomeration of caking coals may be controlled by the

rapid distribution of the fresh feed coal throughout the bed of nonplastic,

almost completely devolatilized char. By properly designing a coal feed

system, operating with a predetermined char inventory in the reactor,

maintaining a high superficial gas velocity in the reactor, and by designing a

turbulent fluidizing gas distributor, it is possible to process caking coals

in large reactors, at specific throughput rates of up to i000 Ib/ft2-h. If a

single vessel mild gasifier can be developed, it will be simpler in design

compared to the staged heating employed to process caking coals in the COED

process. Rapid coal particle heat-up rate up to 104°C/s is possible in

fluidized-bed reactors, and it is possible to achieve higher heat-up rates of

up to 105°C/s in entrained-bed reactors. The fluidizing and/or the entraining

medium could be made up of hot flue gases, recycled fuel gas, steam, C02-rich

gaseous steam, or their mixtures. Alternatively, the heat of reaction could

be supplied by recirculating hot char, which will also aid in reducing the

agglomerating tendency of caking coals. The ability to process caking coals

in a controlled gaseous environment, under rapid particle heat-up rate

conditions is clearly the preferred approach to improve the yield of

" condensable hydrocarbons rich in aromatics, which will derive the value-added

benefits for the mild gasification co-products. This was established by the

" literature surveys and the market assessment study.

The published lite[ature on the use of Eastern bituminous coals was

reviewed to identify large-scale continuous devolatilization test data, where

the endothermic energy was supplied either by high-temperature gases or by hot

circulating char or inert solids. It was also necessary that the test coal

and the resulting condensables were adequately characterized. The Occidental

Research Company entrained devolatilization tests conducted with western

Kentucky No. 9 coal were found to be the most appropriate, although the
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detailed chaLacterlzation of the condensable hydrocarbons was not reported. 6

The devolatilization results from Test No. 174 were selected as the basis for

estimating the selected reactor performance. A summary of the Occidental's

_est No. 174 results is given in Figure 1-80. The information available on

the condensable fraction was supplemented by the detailed product distribution

reported for the Coalite process in the U.K. I04

For reactor scale-up purposes, it is desirable to use the specific

throughput rate parameter expressed as ib/ft3-h; however, such information is

not available for devolatilization or carbonization of bituminous coals in a

single-stage fluidized bed reactor. Consequently, the specific throughput

rates, expressed as Ib/ft2-h for the advanced coal gasification and coal

carbonization processes, were reviewed. The information available on coal

105,106 shows that, atgasification processes, both at IGT and elsewhere,

pressures ranging up to i000 psig and temperatures up to 1850°F, the specific

throughput varies from about 500 to 1600 ib/ft2-h. These processes require

coal residence times up to 1 hour to achieve total carbon conversion to fuel

gases. Most of the fluidized-bed carbonization research was conducted with

laboratory-scale reactors, up to 6-inches in diameter. 8 The COED process

employs staged heating in four fluidized beds. The largest operating

fluidized-bed carbonizer in the U.S. is the FMC plant at Kemmerer, Wyoming,

which is designed based on the experience derived from the COED process. At

this plant about 115,000 tons-per-year of subbituminous coal is carbonized at

about 900°F to produce char for form-coke in a 13-ft-lD reactor. 107 The

estimated throughput rate for this carbonizer is slightly higher than 200

Ib/ft2-h. The operating temperature for the selected mild gasification

reactor is 1200°F, 300°F higher than the FMC carbonizer, and unlike coal

gasification reactors, the mild gasification process will primarily achieve

devolatilization with about 30% carbon conversion. The kinetics of

devolatilization I08 are very rapid, and it is estimated that devolatilization

is essentially complete in a few seconds. Considering all of this

information, it was declded to use 500 Ib/ft2-h specific throughput rate as

the basis for estimating the fluidized bed reactor diameter.

The reactor concept proposed for testing, refinement, and development

during Task 2 features an integrated fluidized- and entrained-bed reactor with

independent coal feed systems for the two reactor stages. The primary reasons
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for selecting a combination of contacting methods are to provide the flexibil-

ity for product selectivity by varying the feed distribution between the two

stages, and also to provide the option to utilize the significant fine coal

(for _xample, -28 mesh) material available in coal preparation plants. In the

first instance, varying the coal heat-up rate and residence time have been

shcwn earlier to affect the product composition and yields. The utilization

of preparation plant fines in the entrained stage of the mild gasifier

facilitates better integration with the existing coal preparation plants. For

preliminary technical evaluation purposes, one-third of the feed coal is fed

to the entrained-bed stage while the rest is converted in the fluidized-bed

stage.

For the conceptual 106 tons/yr plant, three mild gasification reactor

trains, eacn with 3000 tons/day dry coal capacity, were selected. A single

gasifier processing two-thirds (667 tons/day) of the total coal feed in the

fluidized-bed stage reactor at about 500 Ib/ft2-h would require a 12-ft-lD

vessel. Reactor redundancy will provide advantages in operational continuity;

thus the size was selected to allow less expensive shop fabrication rather

than field fabrication techniques.

In the preliminary design, to maximize the co-products yield, the energy

for mild gasification will be supplied by a high-temperature gaseous stream

with little or no residual oxygen. Because the sensible heat required to

raise the temperature of the coal particle to the reaction temperature is an

order of magnitude higher than the heat of carbonization, it is desirable to

dry the coal first and also to preheat it to the highest possible temperature,

without exceeding the threshold temperature for devolatilization. For this

purpose 450°F (232°C) was selected as the temperature to which the coal would

be dried and preheated before it is fed to the mild gasification reactor.

Considering that the endothermic energy for mild gasification is supplied

primarily by the gases generated by combustion of a part of the product fuel

gas, the estimated flue gas composition is:

% by Vol

CO 2 12.7

H20 17.3

N 2 70.0

Total i00.0
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Using calculated molar specific heats for the flue gas of 9.05 Btu/ib-mol °R

at 1200"F and 10.24 Btu/Ib-mol "R at the reactor distributor temperature of

2000"F, the estimated flue gases required to devolatilize 1000 tons/day of

• coal from 450 ° to 1200°F is estimated to be 2948 ib-mol/h. During mild

gasification, approximately 30 X 106 Btu/h is transferred from the flue gases

• to the 41.67 tons/h of preheated feed coal. For these calculations, the

specific heat of coal is taken as 0.45 Btu/Ib °F, and the heat of

devolatilization is considered to be negligible.

In order to maintain a high degree of turbulence and good gas-solids

mixing in the coal feed region, the superficial gas velocity will be

maintained at about 6 ft/s, where the feed coal comes in contact with the hot

flue gases. The fluidized-bed stage will have a dual diameter to provide

rapid mixing as the feed coal passes through the plastic range.

The entrained stage located above the fluidized-bed reactor will process

the remaining one-third of the gasifier feed coal, or about 223 tons/day. The

coal, preheated to about 450°F, will be carbonized to 1200"F in entrained mode

by contacting with about 973 ib-mol/h of 2000°F flue gases. The entrained

stage will be 6 ft in diameter to maintain a superficial gas velocity of

20 ft/s. The entraining gases will be made up of 973 ib-mol/h of 2000°F flue

gases and all the gases from the fluidized-bed stage underneath. The

estimated throughput rate of about 980 ib/ft2-h in the entrained stage is

comparable to values reported in U.S.B.M. investigations. 109 Figure 1-81

shows the major dimensions of the conceptual integrated fluidized- and

entrained-bed reactor and the calculated superficial gas velocity in selected

locations.

o Other variations on the integrated reactor design were examined. A swirl

reactor is one such variation, in which a swirling dense turbulent bed of char

- fines is held in a flattened cyclonic contactor. The gas and char fines

discharge downward through an orifice. The backmixed swirling solids provide

enhanced solids residence times and, by dilution of the fresh feed with spent

char, discourages agglomeration of the coal fines feed in a similar manner as

the backmixed fluidized bed does for the coarser particles. The swirl

reactor, along with other conceptual fine coal gasification schemes, will be

reevaluated in the process engineering studies associated with the optional

project tasks before finalizing a demonstration plant reactor design.
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The process scheme described thus far relies primarily on utilizing the

sensible heat from waste gas combustion flue gases for the mild gasification

of coal. The technology development investigations in the optional Task 2 and

• Task 3 may establish the basis for selecting the mild gasification medium from

the alternatives to the flue gas, including recycled fuel gas, steam, CO2-rich

. gaseous stream, hot char recycle, or some combination of one or more of these

streams.

An illustrative concept for the integration of the mild gasification into

a commercial application is given in Figure 1-82. In this design concept the

heat required for the mild gasification is derived by combustion of a portion

of the char fines produced in the entrained bed contactor. The net production

of intermediate-Btu-content fuel gas is treated for sulfur removal in a

moving-bed hot-lime process. After cooling (via heat recovery) as required

for efficient compression, the fuel gas provides fuel for combined cycle

cogeneration of electrical power.

The detailed reactor design will be prepared during the optional Task 4

investigation, for which the process development unit results of the Task 2.

Study will be essential. The detailed reactor design will include the basis

for selecting the operating condltions, address the merits of the integrated

reactor system, feed specifications for the two reaction stages, gasifier

dimensions, number of feed points, char withdrawal system, the provision for

introducing, and separating if needed, sulfur-capture additive, distributor

design, and the selection of a fluidizing medium and its properties. The

materials of construction for the gasifier will be carbon steel with adequate

refractory lining to handle the mild operating conditions. Detailed specifi-

cations for materials and instrumentation will be provided during Task 4

investigations.

° Conceptual Advanced Mild Gasification Process Schemes

The identification of the value-added uses for the mild gasification co-

products, as described under the market assessment study, and the method of

their production from coal, suggested by the literature surveys, formed the

basis for the integrated coal preparation mild gasification concepts described

below. Three options are described differing in their provision for utiliza-

tion of the product char. The co-products resulting from these options a e

considered to open new markets for coal in the next 5 to i0 years. The
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indicated liquids recovery scheme, however, is illustrative only and patterned

after that in common use for recovery-type coke oven batteries. The possibil-

ity for elevated pressure operation, together with advances in shale and coal

• .pyrolysis recovery trains, suggests that a more optimum scheme may ultimately

be proposed. This could impact the distribution of individual liquid

- products, but not their overall composition and quantity. A description of

the illustrative process schemes and an approximation of their revenue

potential are given in Options I, II, and III. The three schemes all employ

the same condensable co-product recovery concepts conventionally used for

recovery-type low-sulfur coal coking systems. Alternative arrangements may be

found that are preferable for the unique requirements of mild gasification of

high-sulfur coal.

Option I. Char/Coal Blending for Utility Fuel

The conceptual mild gasification process consists of 16 steps, each of

which is comprised of several unit operations and unit processes. Figure 1-83

shows the conceptual process flow ,diagram for option I. The stream flow rates

are based on a dry basis coal feed to three mild gasification reactors of

equal capacity totalling 3000 tons/day. Ali input and output stream flows are

given in tons/day on a dry coal basis. The principal process steps are.

Size Reduction

Run-of-mine coal (11,428 tons/day) is crushed and screened to yield a

6-in. X 0-in. raw coal feed. Based on Peabody preparation plant experience,

this product contains up to 37.5% under i/4-in, which is considered an under-

size fraction. The entirety of the sized coal is sent to the coal cleaning

step.

Coal Cleaning

" The raw coal feed _rom the size reduction step is subjected to con-

ventional coal washing to reduce ash and sulfur content. During washing the

coal is further split into a coarse (6-in. X 1-in.), middling (1-in. X 1 mm),

and fine (i mm X 100 mesh) streams which are each treated to a different

washing scheme. During washing, coarse refuse (gob) and the -100 mesh stream

are rejected and are expected to total about 3428 tons/day.
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Dewatering/Screening

The coarse coal fraction is screened and crushed to a top size of 2-in.

The middling and fine streams are fed to mechanical dewatering devices where

" surface and interstitial water are removed. At this point, a screening

operation would be incorporated into the process that would yield a coarse

product (2-in. X I/2-in.), a middling product (I/2-in. X I/4-in ), and a fine

product (i/4-in. X 0-in.) stream. The fine product stream, approximately

3000 tons/day would be fed to the dryer/preheater as preparation for mild

gasification. The middling fraction, amounting to about 1800 tons/day, would

be sent to the char/coal blending step. The char/coal blend will be further

blended with the coarse product, approximately 3200 tons/day producing a total

of 6812 tons/day of char/coal blend utility fuel.

Dryer/Preheater

The i/4-in. X 0-in. cut from the dewatering/screening step is dried to

about 5% to 10% moisture and preheated to approximately 450°F by exposure to

hot flue gases from the in-plant combustor, which produces heat from the

combustion of product fuel gases (or alternatively char fines). The

3000 tons/day (dry basis) output from this step is delivered directly to the

mild gasification reactors.

Mild Gasification

The mild gasification step consists of three gasifiers, each with

1000 tons/day capacity, as described in the section on selection of reactor

design. The mild gasifiers operate at a temperature of 1200 °F and a pressure

between atmospheric and 50 psig. The fluidizing/entraining gas is a mixture

of hot flue gases from the fuel gas combustor and (optionally) steam produced

from waste heat recovery. The coal feed may include an optional solid phase

. sulfur-capture additive.

Two output streams exit the mild gasification step: the solids- and tar-

laden gas; and the devolatilized char mixed with the partially sulfided

additive, if that option has been utilized.

Solids Disengagement

The solids-laden off-gas from the mild gasification step exits the top of

the reactors, and char fines are removed by one or more high-temperature
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cyclones. The char fines are then blended back with the bottom char product.

Alternatively they may be recycled to the retort to provide a portion of the

required heat, or may be burned in place of fuel gas to provide the hot

recycle gas stream.

Char Blending

The hot (1200°F) coal char exiting the mild gasification operation,

totalling 1812 tons/day after char fines recovery, is blended with the i/2-in.

X I/4-in. middling cut from the preparation plant dewatering/screening step.

The sensible heat contained in the char is used to dry the coal fines; also,

the blending of hot char and cold coal fines is performed in a controlled

manner in order to increase the average particle size by the agglomeration of

coal particles as the temperatures approach the plastic range. This should

improve the shipping and handling characteristics of the resulting utility

fuel product. The partially agglomerated char/coal mixture is then blended

with the 2 in. X I/2 in. fraction from the dewatering step to produce a solid

fuel product with the desired properties.

As an option, part of the hot char is removed prior to the blending step

for in-plant combustion to provide process heat.

If a solid additive such as lime has been used in the mild gasification

step, the additive could remain with the char in order to provide the solid

fuel mixture with sulfur-capture properties during char combustion in a

subsequent step.

Spray Coolers

Gas cooling and recovery of condensables are achieved in this step by

standard coal-tar quenching and recovery methods, as described previously.

For simplicity, several operations are categorized together in the spray

cooling process step. Recycled acidic quench liquor, saturated in ammonium

sulfate and containing a 5% excess of sulfuric acid, is used in one or more

spray quench coolers. The volatile product stream is ultimately cooled to

about ambient temperature in this operation. The raw gas exiting this step,

which is saturated at about 70°F with light oil, amounts to 393 tons/day.

A portion of the naphthalene produced in the mild gasifier will be

condensed from the product gases in the final cooling stage, where it is

skimmed from the aqueous layer or extracted with an oil wash.
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Ammonium sulfate in crystalline form is recovered from the quench liquor

in a crystallizer; this is made possible by the super-saturation of the quench

liquor with ammonia from the product gases.

The condensate, consisting of an organic condensable phase and an aqueous

liquor, is delivered to a decanting step for separation.

Decanter

The organic and aqueous phases of the condensate are separated by

decanting, yielding 668 tons/day of raw tar and 127 tons/day of liquor. The

aqueous liquor, containing ammonia, phenols, and other water-soluble organic

compounds, is sent to the saturator which supplies quench liquor to the spray

coolers. The organic condensables are sent to the tar distillation and

fractionation step.

Saturator

In this process step, ammonia recovered from the decanted liquor by

distillation is recombined with the incoming liquor and sulfuric acid to form

the acidic saturated ammonium sulfate solution used as a quench liquor.

Ammonia Still/Extraction

The excess liquor from the saturator is treated with alkali or lime to

release ammonia, which is steam-stripped from the liquor and recycled to the

saturator. The waste liquor is then cooled and extracted with aromatic

solvents to recover 1.2 tons/day of phenols, including approximately

0.4 tons/day of dihydric phenols (catechol, resorcinol, and their

derivatives), which are then regenerated or "sprung" from the solvents by

treatment with aqueous alkali. The waste liquor stream, exclusive of any

° added water from steam stripping or other auxiliary inputs, amounts to

126 tons/day.

Recirculating Oil Scrubber

Raw noncondensable gases exiting the condensation step are contacted with

a suitable solvent which can be a fraction of the middle oil recovered from

fractionation of the coal tar, or a petroleum-derived solvent. Light oils,

including benzene, toluene, and xylenes (BTX), are absorbed from the product

gas by this method. The "enriched" wash oil is sent to steam stripping to

recover the light oils.
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Steam Strippers

Steam distillation is used to remove the light oils from the wash oil.

The light oil consists of approximately 52 tons/day of STX, plus small amounts

of indene and coal tar naphtha. The recovered light oils are combined with

light oils fractionated from the condensable liquids in the tar fractionation

step, and the lean wash oil is recycled back to the recirculating oil

scrubber.

Tar Fractionation

In order to recover the high-value products from the raw organic

condensables produced by mild gasification, a fractionation system is

required. This process step involves primary distillation and steam stripping

of light oils. The removal of tar acids by alkali treatment, recovery of tar

bases by treatment with acid, and further fractionation of the major fractions

to recover BTX, indene, tar naphtha, light phenols, cresylic acids,

naphthalene, pyridine bases, and creosote oil cuts are options.

In primary distillation, the condensable product, following filtration,

is flash-distilled to produce four fractions:

• Light oil, distilling up to 360°F (180°C), approx. 25 tons/day

• Middle oil, distilling up to 590°F (310°C), approx. 220 tons/day

• Heavy oil, distilling up to 750°F (400°C), approx. 287 tons/day

• Soft pitch, distillation residue, approx. 181 tons/day.

The input streams to the tar fractionation step are the raw organic

condensable phase from the decanter and the oil recovered from the pitch

cracking operation.

Pitch Cracking

In order to produce a hard pitch of premium value, sl_ .able for electrode

binder use, it is necessary to further process the soft pitch produced by the

low-temperature mild gasification. A simple thermal treatment of 1450°F is

used to crack the pitch to produce 36 tons/day of pitch coke suitable for use

as graphite, 54 tons/day of hard pitch, 45 tons/day of oil which is recycled

back to the tar fractionation step, and 45 tons/day medium-Btu fuel gas which

is combined with the primary fuel gas recovered from the oil scrubber step.
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Option II. Metallurgical Form Coke Production

In this option, char and pulverized coal are combined to manufacture

metallurgical form coke. The coarse fraction from the dewatering/screening
8

step in the coal preparation circuit is used for sale as a utility fuel.

Ali of the process steps except the form coking operation are similar to

those described under Option I. The addition of a volatile stream from the

form coke high-temperature carbonization step changes the yield and

distribution of gaseous and condensable products from the overall process.

This is reflected in the tons/day yields of the product streams as shown in

Figure 1-84.

Form Coking

In this step, the hot (1200°F) char from the mild gasifier and the solids

disengagement step are combined and blended with cleaned, dewatered pulverized

bituminous coal in a hot briquetting operation. In this fashion, the plastic

properties of the raw coal are utilized to provide the binding strength of the

briquette, with the heat being supplied by the sensible heat of the char,

supplemented by external heat from combustion of a portion of the char, if

necessary. As an option, pitch from the tar fractionation or pitch cracking

step can be added as an additional binder, if required to improve the physical

properties of the briquette. The briquettes, prior to carbonization, will

contain 20% to 25% volatile matter, based on a feed of Illinois No. 6 coal.

The briquettes are then carbonized at 1850°F (1010°C) in either a

vertical shaft furnace or another type of suitable furnace to produce form

coke with 3% to 5% volatile matter. The caking characteristics of the coal

fines should contribute to the production of briquettes with the required

physical properties. The off-gas from the high-temperature carbonizer is

combined with the gas stream exiting the mild gasification solids disengage-

ment step, for additional recovery of fuel gas and condensables in the

downstream processing steps.

Option III. Smokeless Domestic Fuel Production

In this option, shown in Figure 1-85, the mild gasification char is

combined with pulverized coal to make a briquette as in Option II. The

briquettes are treated to produce a smokeless domestic fuel briquette suitable

for use in home stoves or for district heating purposes.
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Except for the briquetting/curing step, all of the process steps are

similar to those described in Option I. The yields of gaseous and condensable

products from the mild gasifier are identical to those shown for Option I.

Briquetting

The combined ho t char and hot char fines from the mild gasification and w

solids disengagement steps are combined with pulverized coal, making use of

the sensible heat contained in the char to achieve a controlled plasticity in

the char/coal mixture. This provides the binding mechanism for briquette

production. The briquettes are then cured by holding at a temperature of

650OF, resulting in the production of about 60 tons/day of fuel gas. This

fuel gas is used to provide additional heat for in-plant uses, such as for the

briquette curing operation.

Optionally, soft or hard pitch can be used as an auxiliary binder if it

is deemed necessary to improve the physical properties of the briquettes.

The briquettes will contain approximately 20% volatile matter, based on a

feed of Illinois No. 6 coal.

Revenue Potential for the Selected Process Schemes

Based on the market survey for the char and condensables, the three char

utilization options for integrating the mild gasification process with

existing coal preparation plants were analyzed for the potential economic

incentives. Approximations were made of the capital costs and operating costs

of the above three options by a simplified analogy to estimated costs for

similar (but not identical) processes using factored adjustments for

differences in plant scale.

The three process options analyzed here are based on the three process

schemes illustrated in Figures 1-83, 1-84, and 1-85 with a million tons/yr dry

coal capacity. The gasification process incorporates coal liquids recovery

and separation. The coal is assumed to be a high-volatile, high-sulfur

Midwestern coal such as an Illinois No. 6 coal. The estimated current product

prices at the plant gate are considered to be on the conservative side.

Estimates of input feedstock costs were also made that include transportation

costs to the plant gate. In this preliminary cost analysis, costs for sulfur-

capture additives to the mild gasification process were not included. Also,

the cost to generate steam or pressurized air was not included. It should be
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noted that the net operating profit estimate does not include debt service

charges or amortization.

Total plant investment and an estimate of total project capital require-

ments for each of the above process options are given in Table 1-42. The

approximate distribution of plant investment between the major process

facilities is illustrated in Figure 1-86. An estimate of the annual operating

costs, including product credits are given in Table 1-43. These costs are for

the mild gasification, char and liquids processing only, and do not include

those for the supporting coal preparation plant.

Table 1-42. TOTAL CAPITAL REQUIREMENTS FOR SELECTED

CHAR UTILIZATION OPTIONS

Option Option Option

Item I II III

Total Plant Investment 120 200 140

Initial Catalyst and Chemical Charges ......

Prepaid Royalties 1 1 1

Reproduction (Start-Up) Costs I0 i0 i0

Other Owner's Costs 9 9 9

Working Capital 9 9 9

Land 1 1 1

Total Capital Requirements

(Mid-1987 Dollars) 150 230 170

Within the limitations of the simplified estimating procedures employed,

the above estimates are expected to give a fair approximation of the relative

• magnitudes of the various components of capital and operating costs They are

considered adequate for examining trends and ranges in the probable process

economics and price sensitivities. However, discretion in interpretation is

recommended in view of their limited accuracy of the cost approximations.

From the estimated capital and operating cost estimates for the million

tons per year conceptual mild gasification plant, the simple return on

investment was compared for the three char utilization options, as shown in

Table 1-44.
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Table 1-44. ECONOMIC SUMMARY OF THREE MILD GASIFICATION PROCESS OPTIONS

Annual Annual Simple

Total Capital Operating Plant Return on

Requirement Costs Revenue Investment, %

$ millions

Option I

Char to Utility Fuel 150 91.8 99.6 5 "

Option II
Char to Form Coke 230 60.4 117.5 25

Option III
Char to Smokeless Fuel 170 58.5 110.0 30

with the previously described estimates of char fuel value (adjusted for

ash and volatile matter content), it appears that Option I, incorporating a

mild gasification plant with char blending for utility fuel production would

not be economically justifiable. This assessment could be revised should char

combustion characteristics prove acceptable, and particularly if char post

treatment for sulfur reduction were successfully demonstrated. However, the

form coke and the smokeless fuel options, Options II and III, show potential

for an acceptable return on investment. It should be noted that the by-

product market values employed in Table 1-43 to estimate the net operating

profits are on the conservative side. However, the sensitivity of the product

costs on the return on investment is difficult to determine, given the

approximations involved in these preliminary economic analysis.

Bajura and Ghate I03 first explored in 1986 the economic considerations of

various process options for a mild gasification process. The preliminary

economic analysis in this report supports their conclusion that potentially

attractive returns from a mild gasification process may be realized.

Process Commercialization Plan

Commercialization of the mild gasification process formulated by this

technology development effort can proceed once it has been shown to be

technologically and economically viable by detailed engineering design studies

and economic analysis. A "first of a kind" commercial demonstration plant of

i000 tons/day, representing a single train gasifier in a three-train million

tons/yr plant, can potentially attain an acceptable level of risk to the

developers by the DOE providing financial and technical support. Under the
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above circumstances, Peabody Holding Company, Inc. would consider taking the

initiative to develop such a project.

Development of the project would require effort in several areas. First,
w

a project team could be put together to include Peabody, IGT, Bechtel, DOE,

and others. A necessary participant would be a utility willing to contract

for the char/coal blend or a steel industry agreeing to buy the form-coke.

Peabody Development Company, with its many utility clients and contacts, could

be utilized to arrange and execute such an agreement. The demonstration

project efforts would also involve developing a commercialization plan that

deals with the technology's environmental, health, safety, and socioeconomic

(EHSS) aspects. These will be evaluated based on the performance of the

"first demonstration plant" for solid wastes, air emissions, water effluents,

water demand, noise, labor requirements, health, and safety.

Installation of a mild gasification process would be done in phases

starting with the option requiring the least capital expenditure, the char/

coal utility fuel option, and proceeding to the form coke or domestic fuel

option, depending on which market justified the additional investment.

Installation of the first phase could be done at one of Peabody Coal Company's

existing coal preparation facilities. This approach will facilitate the

required integration of the preparation plant with the mild gasification

process. A candidate location would be Peabody's southwestern Illinois

facilities where several underground and surface mines produce over 5 million

tons of Illinois No. 6 coal annually. The coal would be conveyed to a central

preparation facility. The clean coal product from this preparation plant will

be shipped to an adjacent 1800 MW plant and also loaded on barges for shipment

to other utility customers. This location is approximately 30 miles southeast

of the St. Louis metropolitan area where markets for the co-products already

exist.

Demonstrated technical and economic viability, technical and financial

support from DOE, a strong project team with an end user participant, and a

good site location will all lead to rapid commercialization of the mild

gasification process.



Timetable for Commercial Development

Table 1-45 shows a commercialization timetable. The project, through

cooperative agreement with DOE, becomes a commercial operation once

'demonstrated. This continued operation of the project adds an important

dimension of long-term assessment of reliability, operating and maintenance

cost confirmation, and overall operating efficiency. Such a continuing

"demonstration" makes marketing that much more effective as time progresses.

Table 1-45. COMMERCIALIZATION TIMETABLE

Period Event Other Activities

1988 • Construct half-ton coal per day • Analyze results to evaluate

process development unit (PDU) process performance

facility and obtain technology • Publish results of investi-

development data gation on mild gasification

1989-1990 • Expand/modify PDU facility and • Finalize reactor design

conduct integrated mild gasifi- • Continue process performance

ca_ion of coal to obtain contin- evaluation to optimize

uous operation data for material and energy

technology assessment utilization

• Design and construct a 24 tons/ • Publish results of investi-

day process demonstration unit gation on mild gasification

to obtain adiabatic process • Plan marketing approach and

design and scale-up data strategy for selected process

options

• Investigate economics

1991-1992 • Operate the process demonstra- • Conduct technoeconomic

tion facility for process analysis based on commer-

optimization cial demonstration plant
results

• Team with steel and coal tar • Continue marketing efforts

processing industries to solicit

clean coal technology funds

• Construct a minemouth commer-

cial demonstration plant of

i000 tons/day capacity

1993-1994 • Operate the commercial • Publish commercial demonstra-

demonstration plant tion plant results

• Phased expansion of the • Continue marketing efforts

demonstration plant to p[ocess

3000 tons/day coal or select a new

plant site to build the first

full-size commercial plant



Market Penetration Potential

Market penetration of a coal conversion technology such as mild gasifica-

tion will be influenced primarily by proven (or anticipated) relative

economics. Timing will be affected, however, by a number of other factors

that include demonstration of the technology, status of development, govern-

ment regulations, competition from petroleum, etc. For example, commercial

gasification technology, as epitomized by the Texaco and Lurgi processes, have

successfully operated at both prototype and commercial scale and yet have not

had wide acceptance because of marginal economics and competition from alter-

native raw materials (petroleum and natural gas) and alternative processes

(flue gas desulfurization, etc.).

Mild gasification shows promise of natural integration with existing coal

preparation plants. Its primary char product has potential, on the basis of

reduced cost, to enter an existing metallurgical coke market. This market

area is currently experiencing a decline in availability of domestic coke and

increasing reliance on imported coke. Alternatively, the char may be blended

with the coal preparation plant fuel.

The condensable products may also enter an existing market for coal tar

products. The tar processing industry is also experiencing a decline in

availability of domestic tars (from coke production) and increasing reliance

on imports.

Large-scale exports of form coke, chemical feedstock3, and smokeless fuel

to potential markets in nearby Central, So,rh American, and European countries

could also support mild gasification -- an attractive domestic coal conversion

industry.

Institutional Barriers

The institutional barriers for the mild gasification products are very

well defined. The logical barriers include economic factors and compliance

with environmental and hazardous chemical exposure regulations. The ability

to convert indigenous high-sulfur coals to co-products that are environ-

mentally acceptable, superior to existing alternatives, and at competitive

costs, would assist in overcoming these barriers. The U.S. steel industry has

long recognized that the availability of economically priced coke would

restore their leadership in the international market. The proposed mild
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gasification concept for the production of form coke is one way to achieve

this goal.

The proposed demonstration project to use smokeless fuel in place of

firewood in a Colorado community should show the economic and environmental

benefits of the use of a coal product to replace wood. Projects of this type,

along with publicity of the associated benefits, should assist in educating

people to accept smokeless fuel in the U.S. and abroad.

The primary hurdle to overcome with respect to the condensable

hydrocarbon market is the cost of imports. Minemouth plants, with enclosed

vessels, handling, transport, and processing facilities should minimize

emission control problems and hence reduce manufacturing costs. The first set

of demonstration and commercial processes may find it beneficial to sell the

entire condensate in bulk form to well-established tar processers, such as the

Koppers Co. and the Reilly Tar and Chemicals Co.

In the next few years, as more information on the characteristics and

economics of producing selected co-products become available, it will become

easier to develop a commercialization and marketing strategy that is

consistent with the need to overcome the institutional barriers.

Infrastructure for Transportation and Distribution

There are no special requirements of transportation and distribution.

Technology is to be applied at the coal mines, which already has a highly

developed infrastructure for the receipt and handling of coal and distribution

of co-products. The proposed technology will fit into that infrastructure.

Availability of Manufacturinq Infrastructure

The individual components of the process and its supporting peripherals

present no novel construction requirements and can all be fabricated by

existing technology; the manufacturing infrastructure is in place and can be

expanded to meet the demand in the 1990's.

In general, the elements of the technology represent conventional process

industry hardware (vessels, heat exchangers, pumps, conveyors, etc.), and the

industrial production system can respond quickly to an increase in demand.
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TECHNOLOGY DEVELOPMENT RECOMMENDATIONS

In the development of conceptual advanced mild gasification of coal,

several technology development needs were identified for detailed investiga-

tion during Task 2, Bench-Scale Mild Gasification Study, and Task 3, Bench-

Scale Char Upgrading Study. A summary of the technology development

recommendations for the Tasks 2 and 3 studies is given below. Detailed test

plans for the individual tasks were prepared after receiving DOE's

authorization to proceed with these tasks.

Task 2. Bench-Scale Mild Gasification Stud_

Scope

• Coal characterization

® Effect of operating conditions on process performance in a two-stage,

integrated entrained- and fluidized-bed reactor system:

Temperature = 1100 ° to 1500"F

Pressure = up to 50 psig

Particle size = -1/4 in.

Residence time = up to 20 minutes

Reaction gas medium = N2 , H20(g), CO2, fuel gases and their mixtures

Feed and char

withdrawal location = variable

• Effect of sulfur-capture additives (i.e., limestone and siderite) on co-

product quality

• Effect of steam pretreatment of coal on process performance

- Effect of coal precleaning, using standard and advanced coal cleaning

methods.

Purpose
m

• Performance of entrained- and fluidized-bed reaction stages in the

selected reactor design

• Determine the effect of operating conditions and the type of reactor

stages on product selectivity

• Conceptual design of commercial-scale integrated facility prepared in

parallel, to establish requirements for process demonstration, for
selected economic assessment of process alternatives.

• Selection of the optimal range of operating conditions

• Estimated process material and energy balances.
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Discussion

The primary objectives of the Task 2 study are to obtain the process

design data for the mild gasification of high-volatile bituminous coals, and

to determine the effect of operating conditions on process performance in

order to assess the control over product selectivity. The results from this

study will be essential for conducting extended duration tests, and for

determining the optimum operating conditions to selectively increase the yield

of value-added co-products under Task 4. System Integration Studies.

Peabody Holding Co., Inc., has suggested a site for demonstrating the

mild gasification technology. It is recommended that coals from this and

other candidate sites are selected and characterized before conducting para-

metric tests to determine the effect of coal type, particle size (-1/4 in.),

temperature (1100 ° to 1500°F or 593 ° to 815°C), pressure (0 to 50 psig), and

devolatilization gas composition (steam, CO 2, fuel gas, or simulated flue

gases), solids residence time (up to 20 minutes), and the performance of

sulfur-capture additives and their role on devolatilization product yields.

Based on the literature review conducted thus far, and the reactor system

selected for process development, it is appropriate to determine the process

design data in a i00 ib/h reactor consisting of entrained- and fluidized-bed

reaction stages. The results from this investigation will be useful to

evaluate the performance of the selected reactor design.

As defined in the Statement of Work, the project team prepared a test

plan for the bench-scale mild gasification studies and requested DOE-COTR

authorization before starting the reactor design, construction, and testing

with the selected coals.

Task 3. Bench-Scale Char Upgrading Study

Sc__qge_

• Char characterization

a. Elemental, minor, and trace element composition

b. Proximate analysis and heating value

c. Particle density, pore size distribution, surface area, and hardness

• Susceptibility to spontaneous oxidation

• Char ignition and combustion characteristics
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• High-temperature mixing and briquetting of coal and char mixtures

• Evaluation of binders for briquetting char and char-coal mixtures

. _ Curing and carbonization of char and char-coal briquettes

• Reactivity of char (CO 2 gasification characteristics)

- Fluidized separation of char from char-limestone and char-siderite

mixtures

• Regeneration of thermally decomposed and sulfided siderite

• Effect of limestone (used as a sulfur-capture additive) mixed with char

on the combustion characteristics of the mixture

• Suitability of briquetted char and char-coal mixtures, with and without

the sulfur-capture limestone, for smokeless fuel and metallurgical

applications

• Steam-activation of char for high surface carbon use

• Steam posttreatment of char for reduction of sulfur content; examination

of temperature requirements

• Conceptual design of commercial-scale integrated facility. Prepare in

parallel with testing and incorporate economic assessment of selected

process alternatives

• E-P toxicity tests with char leachates.

Purpose

To evaluate the suitability of char for the following applications:

a. Char-coal mixture for utility fuel

b. Smokeless fuel for domestic and industrial heating

c. Form coke for metallurgical uses

d. Adsorbent char

Discussion

• The objectives of the Task 3 study are to generate the fundamental

physical and chemical properties of the mild gasification char produced in the

Task 2. Bench-Scale Mild Gasification Study, to evaluate the feasibility to

produce the following forms of char product:

• Utility fuel

• Smokeless briquetted fuel for domestic and district heating purposes
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• Form coke for metallurgical purposes

• Adsorbent char for industrial applications

" The fuel applications would involve primarily the determination of solids .

handling and storage aspects, in particular the susceptability to spontaneous

oxidation. In addition, the rate of carbon burnoff will be determined in

existing thermobalance reactors at IGT and compared with pulverized coal

properties including its combustion characteristics.

The production of form-fuel would require bench-scale studies on

briquetting, including the evaluation of alternative binders (that is, primary

tar, coal tar pitch, and petroleum pitch), determination of the optimal binder

requirements and briquette curing and carbonization conditions to produce

either domestic fuel or metallurgical form coke. The primary emphasis of this

investigation would be to produce a fuel that not only conforms with the

specifications for utilization, but can also withstand handling for long

distance or overseas transportation.

The chars produced from mild gasification experiments in Task 2 with

limestone as sulfur-capture additive will be similarly characterized and

tested for fuel and metallurgical applications. Whereas the residual char

stream from studies with siderite, employed as a sulfur-capture additive, will

be subjected to a systematic cold-model bench-scale fluidization investigation

using existing equipment at IGT to determine the optimal conditions for

separating the thermally decomposed and sulfided siderite from char. Follow-

ing a Mossbauer characterization of the iron ore compound, the potential for

regenerating it with steam-air mixtures, while preferentially producing ele-

mental sulfur, will be investigated in existing thermobalance reactors at IGT.
t

The thermobalance reactors will also be useful for i) conducting steam-

activation of the char to produce adsorbent char, 2) examining the potential

for steam post treatment for char sulfur reduction, and 3) determining the

CO2-char gasification reactivity for synthesis gas production. The standard

procedures for characterizing the char for these applications involving the

measurement of surface area, pore size and pore volume distribution, E-P-

toxicity of leachates, activation energy, and rate of reaction will be

adapted.
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The ash derived from the chars, with or without the sulfur-capture

additive, will also be tested for the environmental impact of disposing the

ash resulting from the combustion of char. The fate of the sulfur-capture

" .additive will also be investigated.

The results from these bench-scale studies will form the basis for

developing an integrated mild gasification process concept and reactor design

consistent with the findings of the market assessment study.

20WP/61089tr3/RPP
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SUMMARY OF OIL SHALE PROCESSING

Oil shale retorting has been practiced commerically since the mid-

nineteenth century. However, such retorting has been primarily directed

" toward the production of oil, with only small quantities of gas production.

These gases are usually consumed within the process to produce either heat for

• the retorting step or, in the more modern process concepts, hydrogen for

upgrading the raw product oil. 1-25 The quantity and quality of the gas

produced depends upon the retorting process utilized. Some processes,

especially those that utilize indirect heating or in-situ processing, can

produce medium-Btu or high-Btu gas as a major co-product. A few processes are

being developed for the primary production of manufactured gases. Also, in

case of future need, the shale oil can be converted to gas in a secondary

process step.

Resources

The world has very significant resources of oil shale. The energy

content of the total recoverable world resources is estimated to be over

21,200 quads. The energy contained in this resource is more than the

remaining recoverable combined world resources of natural gas, natural

liquids, and crude oil.

The hydrogen content (per unit of carbon) of the organic matter in oil

shales is higher than that in coals. Therefore, the conversion of carbon in

oil shales to SNG requires less external hydrogen than that required for the

conversion of carbon in coals.

Processing Technology

Several conversion processes have been tested for retorting and

gasification at various scales of operation for the production of both liquid

. and gaseous substitute fuels. For the purpose of this report, the aboveground

processes are considered.

The retorting processes are directed primarily at the production of oil,

whereas the gasification processes are directed at the production of gaseous

fuels ranging from low-Btu to high-Btu gas. Retorting processes can produce

gas as a by-product, and some gasification processes can produce oil as a by-

product.
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Retorting Technology

Thermal retorting processes are defined as processes that involve heating

of oil shale at near atmospheric pressure without the use of hydrogen or

solvent in feed streams. Almost all processes developed at the large scale

are thermal retorting processes.

The heat required for retorting is supplied either directly by combustion

within the retort or indirectly by combustion outside the retort using the hot

gases or hot solids produced to heat the feed shale. As mentioned earlier,

the indirectly heated processes can yield some surplus fuel gas as a co-

product.

The aboveground thermal retorting processes can be categorized as

follows:

- Slow heat-up

-- direct gas heating

-- indirect gas heating

-- combination heating

-- hot-solids circulating

• Rapid heat-up

-- indirect gas heating

-- hot-solids circulating

Most of the aboveground thermal retorting processes are slow heat-up

processes. Thermal retorting processes give oil yields that are within 10% of

the yields estimated by the Fischer Assay, however the calorific value of gas

produced varies with each process depending on the method of supplying heat to

the retort.

In the direct heating processes, heat for retorting is generated within

the retort by combustion of retorted shale and pyrolysis gas. These processes

produce low-Btu gas because the gas formed in the retorting zone becomes

diluted by carbon dioxide and nitrogen produced in the combustion zone. In

the indirect-heating processes, heat is supplied by gas or solids (spent shale

or heat transfer material) that are heated outside the retort vessel. In the

comDination heating processes, a gas sealing zone is usually incorporated

inside the retort to eliminate mixing of gases between the directly and

indirectly heated zones. The indirect and combination heating processes can

produce medium-Btu and/or high-Btu gas.
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Rapid heat-up processes are generally limited to laboratory-scale

research in which small shale particles are injected into a hot fluidized bed

retort. Rapid heating is believed to produce better yields than slow heating

for similar types of shale. The type of gas produced is determined in the

same manner as described above.

" Another approach for processing oil shale, which at the moment is

investigated mostly in academia, is sub- and supercritical extraction with

various organic solvents or even with water. These processes yield some HCV

gas as a by-product. However, in these processes more gas could be obtained

by changing the temperature and/or residence time.

The term "hydroretorting" is generally used for retorting in the presence

of hydrogen or hydrogen-rich gases. Hydroretorting has been conducted in both

countercurrent moving-bed retorts and in cocurrent entrained-flow (flash

hydropyrolysis) reactors. Because hydrogen-rich gas is used for retorting,

these processes usually produce high-Btu gas as a by-product.

Because the composition of oil shales varies with the location of the

deposit, different types of processing should be employed. The compositions

of shales can be generally grouped into two major categories based on the

hydrogen/carbon ratio of their kerogen. High yields (60% to 80% conversion of

the organic carbon) can be achieved by thermal retorting of hydrogen-rich

shales, such as those found in the Western U.S.A. However, for hydrogen lean

shales, such as the clay-based Devonian shales found in the Eastern U.S.A.,

thermal retorting can convert only about 30% to 40% of organic carbon.

Hydroretorting at elevated pressure, on the other hand, can improve yields by

as much as 200% to 250%. 4 In-situ processing should be used where the shale

is too difficult or costly to recover by conventional mining techniques.

The Status of Thermal Retorting Technology

By 1984, many commercial-scale oil shale processing plants had been

announced around the world. 5 However, due to the significant softening of oil

prices, and the closing of the U.S. Synthetic Fuel Corporation, most of the

announced projects have been cancelled.

At present, commercial-scale oil shale retorting is being practiced in

Brazil, China, Russia, and the United States. All commercially operated

retorts use the aboveground thermal retorting processes,
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In Brazil, Petroleo Brasileiro S.A. has been processing about 1790 TPD of

oil shale by the PETROSIX process which incorporates a 18-ft-diameter

retort. 6 The plant, designed for 2460 TPD, was brought on stream in 1982.

The PETROSIX retort is an indirectly-heated, moving-bed retort. In addition

to the oil shale, the process also produces fuel gas. The shale processing

facility is being expanded to include a new 36-ft-diameter retort.

In the Peoples Republic of China (PRC), two plants, located in Fushun

(Northeast China) and Maoming (Southeast China), are processing oil shale.

The PRC retort (225 TPD) was derived from early Japanese development efforts.

The retort (about 10-ft diameter and 49-ft high) is a gravity flow, moving bed

system employing hot gas from spent shale gasification in the lower section to

pyrolyze the oil shale feedstock containing particles in the 8 to 20 mm size

range as well as fines. There is no indication that China will do more than

maintain its status quo in oil shale development. 7

In Russia, the Kiviter and the Galoter retorts are used to process about

7
6 million tons per year of oil shale to produce oil and manufactured gas.

The Kiviter retort, placed in operation in 1981, processes about 1110 TPD of

oil shale, lt is a moving-bed retort that processes coarse shale (25 to

125 mm) and has an annular chamber for preheating and drying of shale using

recycle gas and a gas burner. The Galoter process handles a top size of 15 to

18 mm. lt i,_corporates a rotating drum for retorting and uses spent shale

heated by comDustion of residual carbon in an ebulating bed. A 560 TPD plant

has been operated successfully. The status of a 3700 TPD plant, expected to

be constructed, is not known.

In the U.S.A., Union Oil of California is operating a facility designed

to produce 10,400 bbl/day of shale oil using the Union B retort. This plant p

is currently operating at about 50% of design. In the Union B process, oil

shale is fed at the bottom of the inverted-cone vessel. Hot gases enter the

top and flow down countercurrent to the shale which is moved up through the

retort using a solids pump. In addition to producing oil, the process also

produces HCV gas. Plans to expand the production by 26,000 bbl/daF are

5
uncertain.
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Gasification Technology

Gasification of oil shales to produce manufactured gas as the primary

product is not commercially practiced anywhere in the world. However, several

processes are being developed to produce gas as the primary product.

IGT has conducted hydrogasification tests with several Eastern Devonian

oil shales for the production of SNG. These tests have been conducted at

various scales of operation, ranging from laboratory-scale batch tests in a

thermobalance, through bench-scale tests to adiabatic PDU-scale tests (I TPH).

Moving-bed retorting tests have been conducted using cocurrent and counter-

current contacting of gas and solids at pressures up to 35 atm and tempera-

tures up to 1400°F. Operation at elevated pressures permitted high shale

throughputs and achieved organic carbon conversions up to 87%. 8

The flash fluid-slag gasification process has been developed by AB Svensk

Alunskifferutveckling (ASA) of Sweden for black shale. This process gasifies

a mixture of shale and limestone (about 10% by weight) with steam and oxygen

at 2700 ° to 2910°F and atmospheric pressure to produce medium-Btu gas. The

limestone promotes the formation of a non-leachable slag which is highly

desirable in Sweden where previous oil shale industries have created

environmental concerns about spent shale disposal. ASA has successfully

completed operation of a 9 TPH pilot unit to test this process. 9

In 1974, ASA conducted pilot-plant scale (6.7 TPD) fluidized-bed

gasification tests using steam and oxygen, at temperatures in the range of

1650 ° tO 1790°F, to produce medium-Btu gas. l0 These tests achieved only 60%

gasification efficiency, showed sintering problems at temperature above 1700°F

and produced polycyclic hydrocarbons and pyrophoric coke. These pilot plants,

" located at Ranstad in Central Sweden, are now shut down and there are no plans

for further development.
l

In 1985, IGT and HYCRUDE Corporation started research to determine the

gasification characteristics of oil shales in fluidized beds using steam and

oxygen to produce medium-Btu gas. Laboratory-scale test results are very

encouraging, showing over 95% carbon conversion in 30 minutes at 1800°F and

2 atm pressure. In 1987, IGT used its U-GAS ash agglomerating coal gasifica-

tion pilot plant to gasify 200 Ibs of shale and produce spent shale in the

11,12
form of non-leachable agglomerates.
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In the PRC, a rapid pyrolysis of oil shale has been achieved by mixing it

with hot charcoal in a moving-bed system. The ratio of charcoal to oil shale

was 10:1. Products produced were largely gaseous including high-Btu gas, 4 wt

% gaseous olefins and 1.4 wt % benzene. 7

Table A-I summarizes the status of current shale processes. Additional

information can be found in References 14-25.
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Table A-I. STATUS OF VARIOUS SHALE PROCESSES

Largest Ouality
Ges-Solid Heat Scale of Gas

Process Name Process Devolo[_ Contacting Rods Transfer Mode Tooted Produced Status ,
......

Allia-Cnelmere Allis-Chalmers Cross _low Direct/indirect 680 kg HCV Dorsant
_Ller Grate Corp., U.S.A. combination batch

:raged _urDulent Chevron Oil Co. HyDrid of co- & .....
_ed U.S.A. countercurrent

_ravo C,rcular Dravo Engineering Cross flov Direct/indirect 300 t/d LCV DorMnt
Grate Cs., U.S.A. combination

Fluzdized tad Kentucky Canter Hybrid of co- & Zndirect 45 kg/h NCV R_D continues
Let Energy countsrcurrent to add spent
Research, U.S.A. shale gasifica-

' rien and coabus-
ion stages

_eokxnetxcl Geokinetics, znc. I zn-mitu retorting Direct 2000 bbl/d LCV Dormant
U.S.A.

..

Lurgl-Ruhrgal Ruhrgas A.G. and Cocurrent I/st iolidl 12 t/d NCV --
Lurgi, GabH, PitG recycle coal

Hulti-solid Bettelle-Colus_uS Hybrid of co- • Hot solids 0.3 t/d HCV Dotaant
Lab, U.S.A. countercurrent recycle

-.

OXY-VMI_ Occidental 1n-situ retorting Direct 37a (x) LCV Dorsant
Petroleum Co., 3_s (z)
U.S.A. 82a

.......
....

PARAHO The Paraho Dave1- Countercurrsnt Direct/indirect 360 t/d LCV/UCV Dormant
opaent Corp. loving-bed end cosJ_lnation
U.S;A. versions

Superxor Superior Oil Co. Cross £1ov Direct/indirect 250 t/; LCV/I_'V Dormant
Cxrcular Grate U.S.A. coqabination

...

TOSCO The Oil Shale COCUrrant Rot solids 1000 t/d HCV Donsant
Corp., U.S.A. recycle

.... . ...

T3 Goverrment of Fixed bed Direct _-diam LCV Dement
Morocco

•

U_;on C Union O11 Co. Countercutrant Direct 5000 bbl/d LCV Operating

HYTORT IGT • H¥CRUD£ Countarcurramt Indirect 24 t/d NCV R&D continues
35 bats to azpand

Corp., U.S.A. moving bed hydrogen data base

.. __

Hydro_esltica- Kk_ GnbH Fluidised be6 lndirect 20 kg/d NCV laboratory scale
rien and Erlemger, FRG
Pyrolysis ,,

Flash I_ockwell Int. Cocurrent; Indirect 24 t/d RCV Defiant
HyOropyrolysls U.S.A. entrained bed ?0 bars

hydrogen

Llversore Lawrarce Countercurrent Hot solids 2 t/d LCV Operating *
sol xde-_ecyc le Li varlets moving bed recycle
Retort Laboratory ,U.S.A.

.

CSIRO Institute of Fluidised bed list spent shale 27 kg/h NCV Operstlng 4
Energy • Earth recycle
Resources,
Australia

FRC The Peoples Countercurrant Direct, spent 200 tid NCV Operating
Republic of moving bed shale gasified
China

Kxv;ter USSR Countercurrent D;rect 1000 t/d LCV Operatlng
Imvzng bed ,,

Galoter USSR Cocurrent ltot spent shale SO0 t/d RCV 3000 t/d retortbeing de=lgned
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DETAILED INFORMATION ON SOURCES AND REFERENCES USED FOR MARKET ASSESSMENT

Chemical Marketing Reporter is a weekly newspaper published since 1900 by

Schnell Publishing Co., Inc., New York. It compiles and reports prices of

most chemicals produced in the U.S. (f.o.b. plant), lt also reports pertinent

business and trade news concerning U.S. firms, features in-depth spotlight

• articles on selected commodities, and publishes an annual Chemical Buyers

Directory.

Predicasts, Inc. of Cleveland, Ohio, produces computerized information

retrieval services for a large variety of subjects. Two databases from

Predicasts, Inc. were used to obtain marketing and product information for

this report.

One database used was PTS PROMT which stands for Predicast's Overview of

Markets and Technology. This is a multi-industry database that provides

broad, international coverage of companies, products, markets, and

technologies for all industries. It contains information from 1972 to the

present and is updated weekly. Data in this file are comprised of textual and

tabular abstracts from the world's trade and business journals, over 200

newspapers and regional business publications, newsletters, corporate news

releases, corporate annual reports, industry studies by research

organizations, and investment analyst reports by securities and investment

research firms.

The other database used for specifiL product information was PTS U.S.

FORECASTS. This database file contains abstracts of published forecasts for

the U.S. and covers historical base data and forecasts of market information,

imports, exports, prices, sales, profits, and other transactions of specific

" products. The sources of the information are from trade journals, business

and financial publications, key newspapers, government reports, and specific

studies from 1971 to present. Information in this file is updated quarterly.
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SOURCE LIST

Data Sources

Chem_:el Marketing Reporter

Schnell Publishing Co., New York

(212) 732-9820

Predicasts, Inc.

Cleveland, Ohio

(216) 795-3000

(for database PTS PROMT and PTS US FORECASTS)

Annual Energy Outlook 1985

Energy Information Administration, DOE/EIA-0383(85)

Quarterly Coal Report, April-June 1987

Proceedings of New Fuel Forms Workshop, February 1986

Sponsored by U.S. Dept. of Energy, Office of Fossil Energy

Washington, DC

Encyclopedia of Chemical Technology, Ed. Kirk-Othmer

Trade Organizations

American Wood Preservers Institute

Vienna, VA

(703) 893-4005 Mr. John Hall

National Coal Association

Washington, DC

(202) 463-2625 Ms. Diane Moody

American Iron and Steel Institute

Washington, DC

(202) 452-7100 Mr. R. Jeffress

American Carbon Society

St. Marys, PA

(814) 781-8410 Mr. Leo Lanzel

Portland Cement Association

Skokie, IL

(312) 966-6200 Mr. Richard Smith

American Ceramic Society

Columbus, OH

(614) 890-4700 Mr. Greg Fischer

American Coke and Chemicals Association

Washington, DC

(202) 452-1140 Mr. J. Engle

_
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Industry

Koppers Co., Inc.

Monroeville, PA

(412) 327-3000 Dr. K. Brzozowski; Mr. R. Thomas

Pittsburgh, PA

(412) 227-2000 Mr. R. Thomas; Mr. D. Sweet

Chicago, IL

• (312) 242-1720 Mr. F. Spinola

Reilly Tar and Chemicals

Indianapolis, IN

(317) 248-6457 Mr. Carl Lesher, Mr. W. Roder

Merichem, Inc.

Houston, TX

(713) 455-1311 Mr. H. W. Pfenning

Weirton Steel Corp.

Weirton, WV

(304) 797-3788 Dr. S. Singh

Marblehead Lime Co.

Chicago, IL

(312) 263-4490 Mr. Richard Cusco

Hickman Williams Co. (coke + carbon products broker)

Oakbrook, IL

(312) 574-2150 Mr. John Seaman

USX Chemicals Division

Pittsburgh, PA

(412) 433-7562 Mr. J. Graeber

Allied Signal

Morristown, NJ

(201) 455-2000 Mr. S. Cohen

Western Tar Products

. Terre Haute, IN

(812) 232-2384 Mr. M. Goeller
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DESCRIPTION OF OTHER POTENTIAL MARKETS FOR COAL-DERIVED CO-PRODUCTS

Pulverized Fuel

Pulverized fuel-fired furnaces may be broadly classified into two types

' according to whether these furnaces are designed for removal of ash in dry or

in mol_en form. The dry ash furnaces are frequently referred as "dry bottom"

furnaces, and the molten ash furnaces are normally called "slag tap" or "wet

bottom" furnaces.

Dry ash furnaces are the more common of the two. The operation of dry

ash furnaces, with regard to load range and fuel properties, is simpler, more

flexible, and more reliable than that of slag tap units. Their main disadvan-

tages are that they are usually bigger and that 80%-90% of the ash fired must

be removed from boiler and precipitator hoppers in the form of very fine dust.

The intent in developing slag tap units was to avoid the problem of dust

disposal as much as possible, by getting the ash into a heavier, granular form

and retaining much more of it in the furnace than is possible in a dry ash

unit. In wet bottom units the streams of molten ash flowing from the furnace

are chilled by cold water that breaks them into the desired coarse product.

Ash retention of more than 80% has been achieved with some designs and the

higher volumetric and area heat release rates reduce equipment cost.

However, a key feature of the dry bottom furnaces is that they are suit-

able for all ranks of coal from peat to meta-anthracite and for the lowest

coal qualities as measured by high ash or moisture content, low heating value,

low ash fusion temperature and high potential for slagging or fouling. As an

example, a 350-MW unit operates on anthracite fines containing 15% surface

moisture, 32% ash, and 6% volatile matter. This coal is fired alone with no

. supporting fuel from 25% to 100% load. At maximum output, the coal fineness

is 85% to 90% through a 200-mesh sieve.

Another example is the full scale firing test conducted on a commercial

anthracite-fired steam generator using 500 tons of COED char containing 4% to

6% volatile matter derived from a Utah A seam coal. 1 These tests conducted at

several loads without ignitors or support ring fuel and for test runs lasting

up to 18 hours, showed better combustion results than were experienced with

anthracite in the same generator. The char combustibility appeared to be

inferior to that of bituminous coals, yet it was proved that commercial steam
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generators can definitely be designed for the COED char and most of the other

residues resulting from gasification processes.

Fluidized Bed

Fluidized bed combustion was developed to take the place of pulverized

coal and stoker fired systems to generate steam. Because of the nature of the

combustion process, it is possible to control sulfur and nitrogen oxide

emissions, to burn a wide variety of coals without encountering problems of

slagging and corrosion, to reduce the amount of heating surface required, and

to eliminate a large radiant furnace cavity.

Fluidized bed combustion (FBC) systems are of two types: atmospheric FBC

(AFBC), and pressurized FBC (PFBC). The interest in PFBC is based on the

recognition that as combustion pressure is increased, the size of the

combustor is decreased, as is the heat transfer surface requirement, thus

reducing investment cost.

Combustion in an FBC system takes place in a chamber called combustor.

The fuel and sorbent are fed into the combustor, fluidized by air and burned

at 1550 ° to 1650°F. The sorbent is fine-grained limestone which reacts with

the sulfur dioxide released from burning the fuel to form calcium sulfate.

The bed material in the combustor consists primarily of mineral matter from

fuel, calcium sulfate and excess calcined lime.

Several commercial size FBC units have been operating since the early

1980's, using fuels ranging from anthracite culm to lignite, petroleum coke

and bituminous coal with thermal efficiencies ranging from 88% to 98%

depending upon the fuel type and air/fuel ratio. At one commercial plant

(Scott Paper, PA), the steam production rate is 650,000 Ib/hr with anthracite

culm as the fuel, and with a 30% turndown capability.

Cement Kiln

The process of cement manufacture consists of the blending of raw mater-

ials to form a homogenous mixture, the "burning" of the mix in a lon9 kiln to

form a clinker material, and the grinding of the clinker with the addition of

a small proportion of gypsum to a fine powder. Two processes are used, known

as the wet and dry processes, according to whether the raw materials are

ground and mixed in a wet or dry condition. In a variant of these processes,

the semi-dry process, the raw materials are ground dry and then mixed with 10%

to 14% water and formed into nodules before burning in the kiln.
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Briefly, in the dry process the raw materials are crushed, dried in

rotary driers, proportioned, and then ground in tube mills consisting of

rotating steel cylinders containing a charge of steel balls or other grinding

" media. The mills are continuous in operation, being fed at one end and

discharging the ground materials at the other. Two mixes, one high and one

, low in lime, are often prepared and blended in the required proportions in a

silo with vigorous air circulation. The dry powder is fed to the kiln.

In the wet process, the method differs somewhat with the nature of the

raw materials. When chalks and marls are used, the raw materials are broken

up and incorporated in wash mills. The chalk and clay are fed in the required

proportions to the wash mill together with sufficient water to form a liquid

of creamy consistence. A number of radial arms attached to a vertical spindle

carry iron rakes which break up the lumps of solid matter as the arms revolve.

The solid material is reduced to a fine state of division and passes as a

slurry through the screens in the walls of the wash mill. Any flints present

in the chalk remain at the bottom of the wash mill and are removed period-

ically. When the raw materials are harder limestones and shales, the wash

mill is inadequate to effect the reduction. The raw materials are in such

cases crushed and fed to large tube mills and water added to the mill in the

amount required to form the slurry. When hard limestone and clay are the raw

materials the clay is usually fed to the tube mill already dispersed in the

water. The finished slurry does not contain more than a few percent of

material remaining on a 170 mesh, and its water content varies from 35% to 45%

with different raw materials. The slurry is pumped to slurry tanks or basins

in which both rotating arms and agitation by compressed air are used to keep

the mixture homogeneous.

The rotary kiln in which the mixture is burned at 2400 ° to 2700°F is a

• long cylinder rotating on its axis and inclined so that the materials fed at

the upper end travel slowly to the lower end. Here the fuel, pulverized coal,

oil or natural gas, or combinations of these, is blow- in by an air blast and

ignited. The slurry is dried in the upper part of the kiln and the water

driven off as steam, and then, as it descents the kiln, the dried slurry

undergoes a series of reactions, forming in the most strongly heated zone

granular masses, mostly from I/8-in. to 3/4-in. diameter, known as clinker.

- At the lower end of the kiln, the clinker passes into coolers. The heated air
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drawn from the coolers is used for the combustion of the coal, so providing an

economical exchange of heat. The comparatively cool clinker then falls on to

conveyers and is transferred to storage hoppers or passed directly to the

grinding mills. The grinding is usually done in large three- or four-

compartment tube mills which are usually water-cooled in order to help to

dissipate the heat generated. A small quantity of gypsum is added during

grinding to control the setting, and the finely ground cement passes to silos

from which it is drawn for packing.

The heating of kilns in Great Britain is done mainly by burning pulver-

ized coal, and this very efficient fuel was used for this purpose long before

it was introduced into other industries. Waste blast furnace gas has also

been used in Scotland. In the U.S. both oil and natural gas are in common use

in addition to pulverized coal.

The clay or shale used in the raw materials for Portland cement manu-

facture may contain sulfur compounds, while the powdered coal used to fire the

kiln also contains sulfur. Other fuels such as oil, natural gas and charcoal

contain fewer sulfur compounds. Part of the sulfur is eliminated in the

burning process but part appears in the cement clinker generally as alkali

sulfates. The content varie_ usually from less than 0.1% SO 3 to 0.5%, but in

the unusual cases where charcoal is the fuel, the SO 3 content may reach about

1% to 5%. lt may also reach this value in clinkers from the cement-sulfuric

acid process.

The ash of the coal used for firing a rotary kiln combines with the raw

mix during burning and thus causes some alteration in the composition of the

clinker. The ash consists mainly of silica, alumina and ferric oxide. The

effect of the incorporation of the coal ash on the clinker composition is

shown by the following data. 2

Cement I Cement II

Clinker Calculated Clinker Clinker Calculated Clinker

Raw Mix From Mix Found Raw Mix From Mix Found
wt %

SiO 2 14.33 22.18 22.96 13.50 22.02 22.33

AI203 4.32 6.68 6.78 3.43 5.60 5.53
1.46 2.26 2.54 1.27 2.07 3.28

Fe203
CaO 42.69 66.08 63.95 40.76 66.49 64.40

MgO and SO 3 1.81 2.80 2.94 3.27 3.82 3.61
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It is seen that the coal ash causes a change in the composition of the

clinker. In practice the composition of the raw mix is adjusted so as to

allow for this change, lt is commonly found that about two-thirds of the ash

• is taken up by the clinker and about one-third passes out of the kiln with the

gases. The proportion of the ash which is absorbed into the cement mix

• depends partly on the type of kiln and the heat exchangers• Although some is

absorbed in the mix in the high-temperature zone, some is carried out of the

kiln by the gases.

Apart from its effect on the gross composition of the mix, the ash also

causes a degree of heterogeneity in the clinker. The melting point of the ash

is commonly within the range of 1900 ° to 2300°F and thus in the coal flame it

is molten. Part of the ash is absorbed by the clinker nodules in the burning

zone by precipitation on to their surfaces where it reacts with the already

formed clinker minerals.

It has been shown that any waste fuel can be used as partial replacement

of coal fuel. R. S. Huhta reported a worldwide survey which found that cement

producers used sawdust, woodchips, cahune nuts, lignites, waste rubber from a

shoe factory, coconut shells, landfill gas, battery cases, palm oil shells,

charcoal fines, rubber tires and graphite dust as partial replacement fuels. 3

The percentage of tires used as replacement fuel ranged between 5% and

20%. The cement producers have been using these tires for two to six years.

When the tire percentage exceeded 20%, hydrogen sulfide was noticed in the

flue gas. Only two producers said they had any experience with using graphite

dust; one using it experimentally and another using it as up to a 10% replace-

ment. The former producer has been using it experimentally for 5 years and

the latter for 3 years. The graphite dust contained 28% ash. They reportedv

no quality problems or dangerous emissions. Both producers said the greatest

- problem seemed to be obtaining a steady source of supply.

In Italy, Cementeria di Monselice converted their three rotary kilns from

oil firing to pulverized coal firing in 1980. The coal was mixed with 0% to

75% petroleum coke. lt was reported that the switching of fuel had no adverse

effect on the specific fuel consumption and on the thermal efficiency of the

4
rotary kilns.
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Lime Kiln

The mainspring of a lime plant is the kiln in which the limestone is

calcined. These kilns are of various types (rotary, vertical, or fluidized).

Of these kilns the vertical type, continuous or semicontinuous, is by far the

most widely employed in the world. The United States is the world's leader in

rotary kiln lime production with nearly 85% of the open market-lime capacity

provided by this kiln.

Rotary kilns vary greatly in diameter and length from 5 X 60 ft to 13 X

450 ft. Average sizes have advanced; kilns less than 150 ft in length are

rarely installed anymore. In the larger kilns the ratio of length to diameter

generally extends between 30-40:1. The rotary is installed at an incline of

3 ° to 5 ° on four to six foundation piers and revolves on trunnions at each

pier. Rotation speed is adjustable with variable speed drives and operates

generally in the range of 30 to 50 s/tev. Kilns are line_ with 6- to 9-in. of

refractory brick. Stone is charged into the kiln at the elevated end and

discharged at the lower end, moving countercurrent to the flow of combustion

gases, derived from fuel injected at the lower end. Unlike vertical kilns,

rotary kilns are only charged with a maximum of 10% stone, so that at least

90% of the in_erior space of the kiln is confined to the flame and hot gases.

The size of the kiln feed ranges between 1/4 to 2-1/2 inch. Sizes

smaller than i/4-inch contribute to the formation of a ring of packed material

on the wall of the kiln, lack of uniformity in combustion, and a more serious

dust-control problem. To minimize the fines most plants screen the kiln feed

just before it enters the kiln or preheater. However, size distribution is

also important; the more restricted the gradation, the mo_e uniform the lime

quality.

Solid, liquid, and gaseous fuels are employed, but pulverized bituminous

coal is the most widely used and is blown into the kiln at the discharge end

with primary air. Lump coal cannot be employed, so every coal-consuming

rotary plant maintains its own pulverization equipment contiguous t_J the

kilns. The majority of experience among lime pla,lts indicates that superio_

thermal efficiencies are obtained with coal as opposed to gas, whether the

gaseous fuel is derived from coal, oil, or natural gas. The exact reason for

this anomaly has never been adequately explained, other than the nature of the

heat transfer to the stone is more efficient, _nd coal has higher inherent

heat value.

i-C-8

-

r-



Pulverized coal offers one disadvantage in that it accentuates the

problem of kiln ring formations more than gaseous fuels. A traditional,

chronic problem with many rotary kilns is the formation of "rings" that

• gradually accumulate on fhe interior kiln linings. Unignited, pulverized coal

tends to adhere to these rings along with accumulations of stone, and lime

" dust, and coal ash. Anothe_ cause of this build-up is uneven kiln tempera-

ture. If concentration of fuel gas is too high near the kiln lining, some of

the small lime particles tend to fuse and adhere to the lining. Elimination

of fines from the kiln feed, use of larger sized stone of a minimum of 1/2- to

1-in., the use of low ash coal, and finer and more uniform com_ninution of the

coal tends to alleviate this problem. Most kilns that burn gas or oil report

either minor or no trouble with rings. When rings become too thick, overall

kiln performance is seriously impaired. So the kilns are cooled slowly and

shut down. Then the rings are most commonly removed by shooting with

specialized industrial guns. Rings also increase the attrition on refractory

linings.

Great Britain employs bituminous coal, whereas Germany uses coke as a

solid fuel. There are a number of inter-related properties for evaluating

bituminous coal for lime burning but reactivity is the most important

criterion, since this factor determines kiln temperature. It is coal of

moderate to low reactivity that is most adaptable for lime burning. Thus hard

metallurgical coke of low reactivity is suitable for lime burning.

Anthracite coal is an excellent fuel for lime burning since it is hard

and has low reactivity, ash, and volatile matter, often its use is inter-

changeable with coke.

For all solid fuels the ash content should be as low as possible, and 8%

is set as a maximum. Ash exerts a negative influence by absorbing heat; it

fuses to kiln linings, accelerating deterioration, and when in direct contact

with the lime ash vitiates the quality by introducing silica, alumina, etc.

Coke and anthracite produce higher average temperatures than all

bituminous coals and may require closer controls to prevent overburning.

Having little or no volatile matter, these fuels waste less thermal calories

in gaseous state combustion. As a result, a lower ratio of coke or anthracite

to stone is applied than with bituminous in mixed-feed kilns by about 15% to

20%. Low grade solid fuels such as lignites and peats are totally unsuitable
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for lime burning becaus._ of their relatively poor heat values and high ash and

volatile matter contents.

Comparative experiences of rotary kiln operators with different fuels has

been reported based on a partial survey of the U.S. lime industry. Signifi-

cant conclusions were:

i. A majority reported slightly higher capacities are achieved (5% to 10%)

with natural gas than with pulverized coal.

2. There is a general decline in thermal efficiency ranging from 2% to 20%

with natural gas as compared to pulverized coal.

3. Primary air along with natural gas is used as a combustion aid by 90% of

plants.

4. A minority of plants use coal or oil as auxiliary fuels with natural gas.

5. For controlling combustion, 95% of kilns are equipped with instrumenta-

tion for analyzing stack gases for 02 , CO 2, and combustible gases.

6. The majority reported greater ease of combustion control with natural gas
over coal and oil.

7. Opinions were divided on whether gas, coal, or oil provided longer

refractory life. Pros and cons were in balance.

Coal-Fired Combustion Turbines

The outstanding success of combustion turbines in aircraft led to

industrial applications and to the early realization that combustion turbines

required "clean" fuels to achieve satisfactory performance records.

Dis_Jllate fuels and natural gas were suitable, but residual fuel oil was

marginal at best. But for widest applicability, combustion turbines have to

be able to burn coals or coal-derived fuels to compete with pulverized-coal-

fired steam generators on overall cost, performance, and reliability.

The earliest significant tests of a coal-burning gas turbine in the a

United States were conducted in 1953 and 1955 by the Locomotive Development

Committee of Bituminous Coal Research. In the later tests, about 1400 hfs of

operation was achieved over 83 days, at an average load of about 2900 hp; but

the development was finally abandoned because of the accumulation of ash

deposits in the combustor and localized wear on both stator and rotor blades.

At about the same time, in Canada, an experimental coal-burning, exhaust-

heated gas turbine was operated, using a cyclone furnace to supply hot coal
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combustion products to a tubular heat exchanger, which in turn heated

pressurized air going to the gas turbine. Feasibility of the system was

demonstrated. Coal ash was no more troublesome here than in any cyclone

• furnace and was not a major factor in stopping further work.

However, a coal-burning gas turbine of 1400 hp was operated experiment-

" ally in Australia in 1963. lt used pulverized brown coal burned in a

conventional tubular combustor, with 48 unit cyclones in parallel to remove

particulates, mainly ash, from the hot gas stream going to the turbine. The

solids were smaller than 40 microns, with the cleaned gases entering the

turbine carrying about 3.5 X 10 -4 Ib of solids per pound of gas. Without the

ash separator, wear on the second-stage turbine stator blades exceeded

2 mg/hr-cm 2, an excessively high rate; with the separator the wear rate was

reduced by a factor of 70. Based on these tests, compared with operation

using oil, it was concluded that the service life of the turbine burning coal

probably would not exceed 3000 hours.

In a further effort to determine whether direct-fired, coal-burning

combustion turbines might find a place in increasing the efficiency of coal-

burning power plants, the Bureau of Mines in the mid-1960's tested the same

turbine used by the Locomotive Development Committee a decade earlier. A new

blade design was used to try to reduce erosion, but metal loss was still

excessive, and it was estimated that the rotor blades would probably last

20,000 hr and the stator blades would have to be replaced after 5000 hr. Ash

deposits also showed the presence of alkali metal sulfates, and much of the

metal loss was attributed to corrosion rather than to erosion.

Thus, the problem of mineral matter in coal still provides the major

_ stumbling block to the development of a successful combustion turbine to

operate with direct coal firing. Recently, some progress has been reported in

- overcoming this problem. Highly cleaned coal-water mixture (CWM) combustion

and deposition experiments have been performed by General Electric Co. (G.E.)

using a modified gas turbine combustor and gas turbine nozzle sector.

G.E. performed combustion and deposition experimentation with their

"Turbine Simulator." Its principal components are a modified J-79 aircraft

combustor, an LM-500 aircraft derivative gas turbine first-stage turbine

airfoil sector, and a connecting transition piece. The modified J-79 can

combustor was 16.5 cm in diameter ano 45 cm irl length. The plug-flow
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residence time was approximately 20 ms. The nozzle cascade consisted of a 45 °

sector of the LM-500 first-stage turbine nozzle. The LM-500 is an aircraft

derivative turbine with an output of approximately 5000 hp.

The CWIM fuel used for the G.E. tests was supplied by Otisca Industries.

Properties for the CWM are shown below. This fuel, which was prepared by
v

micronization and physical separation of ash selective agglomeration, was

selected based on its availability and likelihood that it would be most

representative of a future gas turbine coal fuel.

Otisca Coal-Water Mixture Properties

Ash, % 0.8

Solids, % 50.0

Volatile matter, % dry 38-39

Sulfur, % dry 0.8

Particle size, micron

(95% less than 15 microns) 4.0 mean

CWM fuel was fired at a rate of 400 ib/hr along with 40 ib/hr of fuel

oil. The effect of the fuel oil was to reduce combustion delay because of

slurry water vaporization and to enhance devolatilization. The combustor exit

temperature was 2000°F and combustion efficiency, based on carbon in ash, was

99.5%. The residence time in combustor was 20 milliseconds. After 23 hours

operation of the turbine simulator, ash deposition rates on a first-stage

turbine nozzle sector were measured and were found to be much lower than would

have been predicted from residual petroleum fuel experience because of

differences in ash chemistry, and thus, deposition mechanism. The ash

deposits were removed by different cleaning methods. Conventional cleaning by

abrasive injection and water washing was found to be unexpectedly effective in

the removal of coal ash deposits. However, improvements in cleaning methods

or improving the deposit cleanability characteristics will be required to

achieve acceptable cleaning levels.

The GE work is DOE-funded and it will be continued till the end of 1991.

The overall objective of the _ork is to develop the technological basis

necessary for the subsequent commercial development of a direct fired coal-

fueled turbine power system. This system could be used in transportation and

small stationary power applications. Components and systems required to

achieve this objective in a cost effective and environmentally sound manner

will be developed. The coal fueled gas turbine components developed will be
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fabricated and incorporated into an LM-500 gas generator for integrated

systems testing with the coal fuel.

Whereas GE is developing a coal-fueled combustor which sends ash with the

• combustion products to the gas turbine, there are other companies which are

developing, also with DOE funds, direct coal-fueled combustors in which ash or

slag is separated from the combustion products before sending them to the gas

turbine. Solar Turbine, Inc. is developing a two-stage slagging combustor in

which the ash is removed as slag. Allison Gas Turbine (a division of General

Motors Corporation) is developing a "rich-quench-lean" combustor.

Westinghouse is developing a slagging combustor in which a sulfur sorbent is

added to remove sulfur as well. Foster Wheeler Development Corporation is

developing a circulating pressurized fluidized bed combustor. Ali these

combustors are scheduled to be ready by 1991.

While GE is developing a turbine combustor which requires a 4 micron coal

particle and ash and sulfur each not exceeding 0.8 wt %, Solar Turbine,

Allison, Westinghouse and Foster-Wheeler are developing combustors for which

ash and sulfur contents are not critical because both of these constituents

are removed in the combustors. Thus it appears that char, in spite of its

high ash content, can be adapted as a fuel for gas turbines for all the

turbine combustors except the GE combustor. For the GE combustor, char would

have to be deashed and desulfurized.

Coal Firing of Blast Furnaces

Ironmaking energy costs for heating the charge of materials can be

reduced by substituting coal for a portion of the coke charge, or as a

replacement for currently injected fuels. Pulverized coal injection is

routine practice at Armco's two Ashland blast furnaces and more than

1.7 million tons of coal had been injected by Dec. 1982. Annual savings were

• estimated at i0 million dollars over coke. 5

In Japan pulverized coal injection facilities were first introduced at

Nippon Steel Corporation's Oita Ne. 1 blast furnace, which has operated with

the new technology since June 1981. Since then both the coal injection system

and the blast furnace have operated without serious trouble. As a result of

pulverized coal injection and lowering of fuel ratio, throughput has increased

by 22%. 6,7,8 Another 13% increase in throughput was achieved by controlling

the tuyere nose conditions and by adjusting the burden distribution. 9
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Kobe Steel has also developed various techniques concerning pulverized

coal injection systems and has applied them to large and medium scale blast

furnaces. These systems have been operating since spring 1983 without any

trouble and have contributed to the maintenance of a stable operation,

reduction in energy cost, and increase in hot metal production in the blast

furnaces. To further reduce the energy cost Kobe is considering increased use

of pulverized coal and to use lower priced pulverized coal which contains high

ash. 10

Most commercial systems use pulverized coal (less than 0.075 mm) but

British Steel Corporation (BSC) developed a system that uses granular coal

(less than 3 mm) and thus avoids both the high capital cost of a coal

pulverizer and the operating cost of fine grinding. The injection of granular

coal has proved a successful practice at BSC's Scunthorpe Works blast furnace.

Over 38,000 metric tons of granular coal has been injected in one blast

furnace using a pilot plant and over I0,000 tons have been injected into blast

furnace in less than three months. Furnace operation has been smooth since

the introduction of coal injection at both furnaces. The second blast furnace

has been operating above previous record output levels as the coal injection

was introduced. The granular coal has yielded replacement ratios close to

unity which are comparable to those attained by practices injecting pulverized

coal. The operating data of the furnace indicate that granular coal gasifica-

ii
tion is completed in the furnace.

Bortz studied the combustion of pulverized coal under conditions simulat-

ing injection into a blast furnace. He tested four coals and characterized

through visualization and measurements the effects of coal rate, blast temper-

ature from 1650 ° to 2200°F, coal fineness, injection position and momentum, on

the combustion of these coals. The performance of the coals was very depen-

dent on the coal rank. The other parameters, particularly the coal flow rate,

also had a strong influence on the combustion rate. The char combustion for

all four test coals was slow, indicating that an assumption of complete

combustion in the raceway region of a blast-furnace is probably invalid except

12
at very reduced coal rates.

Coal-Fired Magnetohydrodynamics

Magnetohydrodynamic power generation (MHD) is a method for the direct

conversion of thermal energy to electric energy. In an MHD process, an
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electrically co,_ducting fluid flows through a magnetic field that is oriented

perpendicular to the flow. In accordance with the same principles governing

more conventional power generators, the interaction of the conductor with the

• magnetic field produces a voltage which car, drive a current through electrodes

and an external load.

• There are two principal MHD cycles for coal fired applications, viz.a

open cycle and close cycle systems. In an open cycle MHD system, the fluid

used in the generator is produced in a high-temperature, coal-fired combustor.

This combustion gas must be at a sufficiently high temperature to produce free

electrons by ionization, thereby making the gas an electrical conductor. The

resulting gas temperature is typically in the range of 4600 ° to 4800°F. In

order to achieve conductivity levels necessary for effective power generation,

a small amount of an easily ionized alkali metal (e.g., potassium) is added in

the combustion chamber as a salt (e.g., potassium carbonate). The high gas

temperatures required for the MHD generator also provide the basis for the

high plant efficiencies obtainable. Because the gases leaving the MHD

generator are still at a relatively high temperature (typically 3700°F), the

exhaust heat can be recovered and used to generate steam to produce additional

electricity, or to provide process heat.

In a closed cycle system, thermal energy is transferred from a heat

source (the coal combustor) through a heat exchanger to the working fluid

which may be an inert gas or a liquid metal/vapor mixture. After furnishing

energy to the MHD generator and other downstream components, the working fluid

is fed back to the heat source. Closed cycle systems may find applications in

small size electric generating plants.

Most R&D activities in coal-fired MHD electric power generation have

focused on open cycle systems which, as a consequence, have progressed to more

- advanced levels of engineering development than that of closed cycle systems.

Major accomplishments in the development and integration of topping cycle

components have been achieved at the Component Development and Integration

Facility (CDIF) in Butte, Montana, where DC electric power has been produced

in an MHD generator at levels up to 2.0 megawatts, inverted to AC power, and

fed to a commercial electric utility grid. Bottoming cycle process develop-

ment has also been significant at the Coal Fired Flow Facility (CFFF) in

Tullahoma, Tennessee, where NO x and SO x control in MHD systems has been
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demonstrated at the 28 MW thermal level with a coal fired boiler. The recent

installation of a baghouse permits the evaluation of particulate control as

well.

Historically, the U.S. open cycle MHD program was focused on component

development. In FY 1985, the historic program was redirected by the

Department of Energy to a multiyear MHD program targeted on the achievement of

proof-of-concept testing of an integrated 50 MW(thermal ) topping cycle and an

integrated 28 MW(thermal ) bottoming cycle. Fiscal constraints and a

reassessment of DOE priorities for fossil energy technologies resulted in a

determination not to request funds for the MHD program in F¥ 1986. 13

Recently, CDIF have published MHD power generation test results. A 50

coal-fired combustor was installed in conjunction with the MHD
Mw(thermal)

generator. These two components were operated for a series of tests over a

range of conditions for several hours. These test results demonstrate

significant progress of the coal-fired MHD technology development toward

commercialization, in that they can be used to verify theoretical estimates of

MHD performance at the 50 Mw(thermal) scale. These results verify the

engineering feasibility of MHD power generation and provide data necessary for

14
scale-up of the process.

Westinghouse Electric Corporation in 1966 performed a feasibility study

for the Office of Coal Research on coal burning MHD generation. The study

included consideration of char as a fuel for the system. It was concluded

from this study that a char-burning MHD plant has a number of advantages as

compared with a coal-burning plant. These conclusions indicate strongly that

char would be a preferred fuel for an MHD generating plant. It was noted that

the higher ash content of the char might slightly increase the cost of slag

removal from the combustor and ash handling.

The advantage of char is attributed largely to its lower hydrogen

content, which results in fewer hydroxyl ions and fewer negative ions in the

conductive gas as compared to the use of raw coal. Calculations of

conductivity of the products of combustion from use of char showed a definite

gain in conductivity as compared to the use of coal under the same combustion

conditions and seed concentratio n.15
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Special or Novel Applications in Development for Co-Products

There is ongoing research and development on various new or improved

products from coal and coal liquids. The magnitude of the market impact of

these products cannot be estimated accurately, but they all could have a

significant impact. 16'I?
4

One such area is in the production of high strength fibers from coal

pitch. The uses for structural carbon now without any new innovation products

are expected to have a $1.2 billion market by 1993. 18 Structural carbon or

graphite products are used in aircraft, auto bodies, sports equipment, and as

a fiber in textiles and special fabric products. Polyacrylonitrite (PAN) is

used now to produce most of the carbon fibers. Use of mesomorphous pitch

(pitch derived from low-temperature carbonization) to make fibers by a

spinning technique needs further development to improve the fiber's tensile

19
strength and resistance to elevated temperatures.

In the area of new fuel forms or new processes, the work at Brookhaven

National Labs 20 to produce a clean carbon particulate fuel along with a

hydrogen-rich gaseous fuel may lead to a successful application of burning

carbon from coal as an oil or water slurry in turbines and diesels. Essen-

tially, the Brookhaven process utilizes hydrogasification to maximize methane

production. The methane is then cracked to produce fine carbon black and a

hydrogen-rich gas for recycle to the process or for fuel use. This process

could possibly be coupled with a mild gasification process if the component

yields and processing costs are favorable. The attractive feature here is

that ash, sulfur, nitrogen and oxygen compounds are removed from the final

-product in the process.

Other work concerning developments in liquid fuels from coals involves

upgrading techniques such as hydrotreating for diesel fuel and jet fuel

applications. AMOCO is evaluating the process schemes to upgrade and evaluate

the market potential for the oils and tars production from the Great Plains

Lurgi Gasification Plant that uses lignite coals. 21'22 The results of this

DOE-supported work would be useful for reviewing the results of the market

assessment study conducted during this project.

A novel process that was extensively studied by AVCO Everett Research

Laboratory, Inc. involves electric arc heating of coal to produce acetylene. 23
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An immediate quench of the hot gases freezes the acetylene species for

subsequent separation. The acetylene is a useful chemical feedstock produced

as an alternate to petroleum-based feedstocks.
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APPENDIX D. Typical Coal Quality

Illinois No. 6 Raw

Illinois No. 6 Washed

Pittsburgh No. 8 Raw

Pittsburgh No. 8 Washed
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TYPICAL ANALYSIS
Analytical Services Department

Mine or Prospect: Seam: 6
Basis: RAW State: ILLINOIS
Date: 10101186 Preparer: Approver:

dP

I
PROXIHATE ANALYSIS (AS RECEIVED) (DRY) { ASH FUSION

Hoisture 12.5 { Reducin S Atmosphere
" Ash 22.5 25.7 { Initial Deformation Tap, F 2000

Volatile Hstter 30.4 34.7 J Softeninj Temp, F(H-_) 2050
Fixed Carbon 34.6 39.6 { Hemispherical Temp, F(H=I/2 W) 2100
BTU 8991 10275 { Fluid Tamp, F 2230
Sulfur 3.64 4.16 { Oxidizin8 Atmosphere
HAF BTU 13832 { Initial Deformation Tnp, F 2320
lb. S02 / H BTU 8.1 { Softenins Tamp, F(HnW) 2370

{ Hamlspherlcal Tomp. F(H=I/2 ¥) 2410
J Fluid Tap. F '2500

ULTINAT£ ANALYSIS (DRY BASIS) J
Carbon 58.& l
liydrozen 4.0 I ANALYSIS OF ASH (IGNITED BASIS)
Nitrozen 0.9 l Phosphorous Pentoxide (P205) 0.2
Chlorine 0.05 l Silica (Si02) 44.6
Sulfur 4.16 l Ferric Oxide (Fs203) 21.4
As_ 25.7 { Alumina (A1203) 17.8
Oxygen 6.79 I Titania (TJ02) 0.7

l Line (CaO) 6.9
l Haznesie (HgO) 0.7

SULFURFORNS (DRY BASIS) I Sulfur TrioXide (S03) 5.0
Pyritic Sulfur 1.'72 I Potassium Oxide (K20) 1.70
Sulfate Sulfur 0.10 I Sodium Oxide (Na20) 0.88
Organic Sulfur 2.34 I Strontium Oxide (SrO) 0.03

{ Barium Oxide (BaO) 0.04
l Manganese Dioxide (flu02) 0.05

WATERSOLUBL£ ALKALIES (DRY BASIS) I
Sodium Oxide (Ns20) 0.O90 I
Potassium Oxide (K20) 0.010 I klXALIES AS _a20 0.51

I
I

EQUILIBRIUM HOSITURE 10.5 I BASE/ACID RATIO 0.50
I
I

FREE SgELLING INDEX 2.0 I SILICA V&LUE 60.60
I
I

KARI_ROVEGRINDABILITY INDEX 55 I SLAG VISCOSITY T250 2310
I
I
t
i

. I
t
t

All analyses are subject to revision due to additional cor_, conditions specified
• in the co81 supply agreement, actual operatin8 conditions at time of mininB, type of

preparation at time of mining, or federal and state regulations. Analysis intended
for informational purposes only.

Source : PROXINATE ANALYSIS BASED ON ANALYSIS OF 93 CORESWITH 9"
of : EXTRANEOUSADDED. JLE/_INDER OF ANALYSIS BASED ON PRODUCTION

Information : AND CORE ANALYSES.
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TYPICAL ANALYSIS
/malyttcal Services Department

Nine or Prospect: Seam: 6
Basis: WASHED State: ILLINOIS
Date : 10/01/86 Preparer : Approves :

. J
PROXINATEANALYSIS (AS RECEIVED) (DRY) [ ASH FUSION

Hoisture 14.2 J ReducLn 8 Atmosphere
Ash 10.5 12.2 ] Initial Deformation Tamp, F 2050
Volatile Hatter 35.3 &l.l [ Softening Temp, F(HmW) 2110 ,
Fixed Carbon 40.0 46.7 J Hemispherical Temp, F(H=I/2 W) 2170
BTU 10675 12_2 [ Fluid Temp, F 2290
Sulfur 2.95 3.43 [ Oxidlzln_ Atmosphere
NAF BTU 14177 [ Initial Deformation Tamp, F 2335
lb. S02 / H BTU S.S [ Softonin8 Timp, F(H_) 2385

J Hamlspherlcal Tamp, F(H=I/2 V) 2430
Fluid Tamp, F 2550

ULTINATE ANALYSIS (DRY BASIS) [
Carbon 69.9 J
Hydrogen 4.9 [ ANALYSIS OF ASH (IGNITED _ASIS)
Nitrogen 1.1 I Phosphorous Plntoxlde (P20S) O. 2
Chlorine O.OS ] Silica (StO2) 50.2
Sulfur 3.43 j Ferric Oxide (F8203) 16.1
Ash 12.2 J klumLua (A1203) 18.8
Oxyl_en 8.&2 J Titania (Tt02) 1.0

[ L_ae (CaO) S._
I Magnesia (MgO) 1.1

SULFUR FORMS (DRY BASIS) [ Sulfur Trioxide (S03) 4.2
Pyritic Sulfur 1.15 J Potassium Oxide (K20) .1.95
Sulfate Sulfur 0.06 [ Sodium Oxide (Ns20) 0.93
Organic Sulfur 2.22 J Strontium Oxide (Sr0) 0.06

Barium C_ide (BaO) 0.02
[ HAnssnese ]Dioxide (!_02) 0.0_.

WATERSOLUBLEALKALIES (DRY BASIS) l
Sodium Oxide (Ns20) 0.075 J
Potassium Oxide (K20) 0.005 _ KLKALItS AS Na20 0.27

I
I

EQUILIBRIUN MOSITURE lO.S [ BASE/ACID RATIO 0.36
I
t

FREE S_ELLING INDEX 3.0 [ SILICA VALUE 68.96
I
I

Ii/_DGROVE GRINDABILITY INDEX SS I SLAG VISCOSITY T2SO 2_,65
I
t
I
I
I
I
I

Ali analyses are subject to revision due to _ddltional cosine, conditions specified
in the coal supply agreement, actual operatin S conditions at time of rainier, type of
preparation at time of mining, or federal and state tabulations. Analysis intended
for informational purposes only.

Source : PROXIKATEANALYSIS BASED OE PRODUCTION.
of : RE_INDF.q OF _qLLYSIS BASED ON PRODUCTIO_AND COREANALYSIS.

Information :
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TYPICAL ANALYSIS
Analytical Services Department

Hine or Prospect: pR_P_'_toe4 q't.Ae_T Seam: 6
Basis: WASHED State: ILLINOIS
Date: 10/01/86

" I
PROXIHATE ANALYSIS (AS R£CEIVED) (DRY) I ASH FUSION

Holsture 12.8 J Reducinl Atmosphere
Ash __0.2 11.7 I Inttlal Deformation TImp, F 2050

" Volatile Hatter 36.0 41.3 _ Softaning T_mp, F(H_) 2090
Fixed Carbon &l.O 47.0 I Hemispherical Tamp, F(H=I/2 W) 2150
BTU 10875 12471 J Fluid Tmnp, F 2305
Sulfur 3.00 3.gA J Oxidizins Atmosphere

BTU 14123 J Inltlal Deformation Temp, F 2320
lb. S02 / H BTU 5.5 J Softening Tamp, F(H_) 2360

J Hemispherical Tamp, F(H=I/2 W) 2410
J Fluid Tamp, F 2510

ULTIHATEAHALYSIS (DRY BASIS) J
Carbon 69.1 I
Hydrogen &.9 J Ah_LYSIS OF ASH (IGNITED BASIS)
Nitrogen 1.2 J Phosphorous Pentoxtde (P205) 0.2
Chlor£ne 0.10 I Silica (St02) 50.2
Sulfur 3._ J Ferric Oxide (Fs203) 16.1
ash 11.7 J Alumina (A1203) IB.B
OxyFen 9.56 _ Titania (TI02) 1.0

I Line (CaO) 5.4
J HaEnasla (HgO) 1.1

SULFLTHFORMS(DRY BASIS) J Sulfur Trioxide (S03) 4.2
Pyritic Sulfur 1.21 J Potassium Oxide (1(20) 1.96
Sulfate Sulfur 0.05 J Sodlm Oxide (Ha20) 0.92
Organic Sulfur 2.18 I Strontium Oxide (SrO) 0.02

J |arlum Oxide (BaO) 0.06
J Hanganase Dioxide (Nn02) 0.04

WATERSOLUBLE ALKALIES (DRY BASIS) J
Sodium Oxide (Ha20) _.080 J
Potassium Oxide (R20) O.OOS J AIJULLIES AS Naz0 0.26

I
I

EQUILIBRIUIt HOISTURE 9.6 J BASE/ACID RATIO 0.36
I
I

FREE S_LLING Ihq)EX 2.5 I SILICA VALUE 68.96
I
I

_OVE GRINDABILITY INDEX S& J SLAG VISCOSITY T2SO 2465
I
I
I
I
I

- I
I

Ali analyses are subject to revision due to additional coring, conditions specified
• in the coal supply agreement, actual operating conditions at fine of mining, type of

preparation at time of n£n_, or federal and state regulations. £nalysts intended
for /_formatlonsI purposes only.

Source : AHALYSIS BASED OH PRODUCTIOH.
of

Information :
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Product: 100_ Ray Report date: 01-30-8_

Division:

Flant/Hine:

Location: Nononpalt8 County, VV

Seam(s) Ntned: Plttsburs h *

Shipped By: _ononRahela Ralluay. provtdtn8 access to Conrail,
Ptttsbursh and Lake Erie and Baltimore and Ohio
RaLlvays

Type Oeratt0n: Deep _tne
L0nRwall and Continuous Hintns

,mommomomoooooo_oomoome
oo

TTPtc81 Proximate Analysis

As Received Dr7

Volatile Matter, _ 37.13 39.10
Fixed Carbnn, _ 68.11 50.67
Ash, Z 9.71 10.23
Nolsture, Z 5.05 -°-

Sulfur, Z 2.96 3.12

MAT

Calorific Value 12,929 13,617 15,169
Btu/lb.

Gieseler Ylutdtt_ Arnu Dilatation

Hsx. Fluidity (ddp_) Hsx. Dilatation.
Hsx. Fluidity Temp. °C Hsx. Contraction,

Starting Temp. °C Softentn| Temp. °C
Flea1 Temp. °C Max. Contrc. Temp. °C
Temp. Ran|e °C Max. Dlltn. Temp. °C

Grlndablllty Index 59

Free Svellln8 Index 8

Oxidation, Z Transmittance 100 *
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Ultt_sce Analysis WeLxht _ (drT_

Carbon 74.60
Hydrosen 5.II
Sulfur 3.12
OxY8eu 5.52

• N:trosen 1.42
Ash 10.23

Chlorine 0.12
ml -- RplI li I -- i i

"V

Forme of Sulfur VelKhc _ (dr_
Pyritlc Sulfur 1.66
Sulfate Sulfur 0.00
OrBanlc Sulfur 1.46

Total Sulfur 3.12

-- -- ,n,i iii n ii n ii isl n

Mineral AnalTsls o_ Ash WeLKhc _ (Zsn_,ted lasts)

SL1Lcon DloxLde, S/O 2 40.82
Aluminum OxLde, AI_O_ 23.61
Tltsnlum Dioxide• T/O 2 _.00
Ferric Oxide Fm 0 21.60
CeZc_umOz,d_, C_03 A.47
Haines*urn OxLde, HsO 1.31

1.16Poises*un Oxide, E20
Sod*u_ Ox*de, Ns20- 1.19
Sulfur TrLoxtde, SO 3 6.0_
Phosphorous Pencox_de, P205 0.82
St_ontLuu Ox£de, SrO ....
Bsr*uu Ox*de, SaO ....
Hansanese OxLdt, Hn304 ....
UndetetmLned 0.38

, ,,, , ,,,

Yusion Temper_ty_e ,OX Ash Oy

OxtdLz*nEi

oooo

ln*tSal Defotustlon
SofcenLn8 (E-_) ....
Remispher*cal (H-I/2W) ....o

mo o
FluLd

_eductn| isl

Znlt_l Deforuatlon "''"
SoftenLn| (H-_) ....
HemLspher*cal (H- I/2W) ....

° Flu£d ....
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Product: IOO1; Clean Report Date: 01-30-97

DtvlsLon:

Plant/HLne:
I

LocetLon: Nononltlia County. WV

Seam(s) Mined: PSttsburEh I_o.B

Shipped By: Monongahela Ratlva.v. providLn8 acceso to Conrail.
PLttsbursh and Lake Erie and B_ltimore and Ohio
Its11rays

Type OperatLon: Deep HLne
Lonsve11 and Continuous Htninle

Innmm lawm m m qnDluuJe mm 1hUmalw4UlDmqul m qlW;nn.ml,m m _ _ _ e e m _ m m e _ m m m _ o m _ _ _ m m _ _ o m o m e _ m _ _ m e m, em

Typical Proximate Anal Tale

As Received Dry
Volatile _stter. _[ 37.33 39.50 -
YLxed Carbon, Z SI.IS 56.12
Ash, X 6.03 6.38
Hotstureo Z 5.69 ....

Sulfur. _ 2.6/* 2.79

_MAY
Calor/flc Value 13,/.69 1/*.251 IS.-_._:
Bcu/lb •

i i

GLeseler FluLd/t.v Arnu D_lst. stton

Hsx. Fluidity (ddpm) 323_O Hsx. Dilatation. _[ +27/.
Hsx. FluLdlty Temp. °C /*|6 Hsx. Contrac_Lon. _[ - 30

StartLn8 Temp. °C 356 SoftenSnJt Temp. oc 337
Final Tamp. "C 660 lqax. Contrc. Temp.OC 3Sl
Temp. Ranae °C 10/, Hsx. D£1tn. Temp. OC /,77

GrLndabLILty Index 62

Free Sve111n8 Index 8

Oxidation, _ Transmittance 100
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Ultimate Analysts W_eL_hc _ (drT)

CaTbon 78.09
Rydro|en 5.282,79
Sulfur 6.06

• Oxysen 1.40
Nitro|en 6.38
Ash

Chlorine 0.08

Yor_s of Sulfuw Ue£Rht _ (dry)
Pyritic Sulfur _.72
Sulfate Sulfur 0.00
Orsentc Sulfur 2.07

Total Sulfur 2_79

Hineral AnalTs£s of Ash VeiAhc Z (Itn£ced Basts)
48.76

S111con Dioxide, S102 22.52
Aluminum Oxide, &120 1.07
Tttsnium Dioxide, TI_ 2 l&.80
Yerr£c Oxide, Fe20- &.82
Calc£uu Oxide, CaO= 1.15
t4asnesiuu Oxide, HS0 1.63
Pocassluu Oxide, !_20 1.05
Sodium Oxide, Ha20 3.69

Sulfur Trioxide, SO3 0.71
Phosphorous Peutoxtde, P205 ....
Strontiuu Oxide, SrO ....
BerLuu Oxide, Be0 ....
KanSsnese Oxide, Nn30& 0.00
gndeterniued

Bit J J Sit I r I

Yusion Temperature of Ash OF

Oxidiz£us
21,AO

Zaittel Del ot.ustlon 2493
Softenin8 (R-W) 2528
Eemisphericel (R-112W) 2560
Fluid

Reduc4_=
2103

Znit:ial De formal:ion 2169
Sof cez_£n| (3B-_) 2210

- Hemtspheric&l (R-II2W) 2377
Fluid
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APPENDIX E. Market Survey for Reduced-Sulfur Coal
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HARKET &_u'RVEYFOR I_EDUCED-SULFURCOAL

This survey rill help assess the value of processes for ruovins sulfur
from coal. The survey should be answered by the OFFICER IN CHARGEOF
FUEL SPECIFICATIONS. lt t8 very important r_at all questions be answered.
All responses will be held in confidence. Please return the complete
survey document within five days in the attached envelope. Questions can
be addressed to:

Dr. Charles Kolstad

CRSC Survey
University of Illinois
&08 South Goodvin Avenue
Urbana, IL 61801

(Questions?: Contact Rodger Woock at 217/333-9897)

1. a. Name of Company-

b. Name and mailing address of officer in charge of fuel specifications"

c. If someone else is answerinK this survey, please Kive us your name"
o

2. Please answer questions in this survey with regard to the relieving
generating station:

This will be called the _CE G_TERATINC STATION below.
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I. XHFOi_ATXO_ ABOUT REFEILENCEGENERATINGSYSI_I4

3. For each UNIT of rho KEFEPJ_CE GENERATINGSTATION please indicate your bounder 7 (maximum
or uluimm) procurenent 8pacification for the follovin$ ©o81 characteristics.

unic x _ _ _

(8) Hinimm BTU/lh (eoimt_ro free) .. _ _ ,

(b) 11_8xLn_ lluXf_ C_tent (am received.
neuurod lb/tOtbtu) ...... -.,

(c) J_imm. MoleL_ro Content (u roce_vod) (_) .........

(d) ttiulunm_ Volatile l_ttor (by veiSht,
minimt_xz'e free) ,, . -- ..... .-

(o) Haximm Chlorine (by weisht,
moisture free) ......

(f) Size Dteparsion (Maxima. i _ l/&') _

(S) ILtnimm 14arsrovo GrL_iab£1i_ Index _ _ ...-----

(h) Itax_ Ash Content (by _ilht,
moisture free) ...........

(l) Hinimm T250 (ash fusion)
Tenq?er,ture (oF) ....

(J) Haxiunm T250 (Ash fusion)
Temperature (OF) .......

(k) Hinimm Ash teaistivit7 (ohns-ca) __...._ _ -------

(l) Ksximum Been/Acid P_tiO Of Ash , _ . --------

(n) Maxima Fou_ir_ Index Computed Usi_
Ha20 - K20 ........

(n) P_xiima Na20 u • of Ash Hineral Ar-.lyale ...........

(o) Maximum • Alkaline 88 Ha20, Dry Sula ......

(p) 14AXiJNn Slajj_LnK lndox _._..__ ..-..--- . -------
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4. According to data from FERC Fore 423, your major purchases of
Coal in late 1986 woro_ for plant m

DATE SOURCE GUAHTITY(T) SULFURCX) ASHCX) PRZCECc)

10/86 CARTER HIHINO CO 415400 0.34 4.80 198.30
10/86 CARTER HIHXNO CO 54700 0.34 4.80 198.50
11/86 CARTER HZHINO CO 367300 0.29 4.70 197.10
11/86 CARTER HIN|NO CO 107100 0.Z9 4.70 197.10

S. The ep_ntt_ weighted average price of the coal bought during that
period was 197.71 c/HHBtu. For purposes of thin mur_oy, this price i8
referred to below aa your REFERENCE PRICE. The q_anttty weighted average
sulfur content of the ogo1 wan 0.31 X. The esmntity weighted average
ash content wan 4.75 X.
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6. To the beet 0£ you_ Icnovledse, v_at was the &vereSe volatile
content (_ vo£sht, dry-blain) o£ the purchesen durir_ this period?
(Celculete the q_tntit_ve£Khted average es the eumo£ the
product o£ the volatility _ times the quantLt_ o£ e&c_ shipment
divided by the to_l qmmt£ty received durLnK the period.)

t
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II. REDUCED- SULF_TR _OLID FUELS

A reduced-sulfur solid fuel product is described below. Following the
description, other characteristics and delivery conditions are listed. After

carefully readin s these descriptions, you will be asked to indicate how much
of this product you would purchase for a particular price differential rela-
tive to the REFERENCE PRICE established above.

PRODUCT CHARACTERIZATION

t W i ht

Proximate Analysis _ _ Ultimate Analysis

Moisture 6.57 N/A Moisture N/A
Ash / 9.32 Carbon 76.81
Volatile / 35.26 Hydrogen 4.92
Fixed Carbon / 55.&2 Nitrogen 1.75

....... Chlorine 0.10
100t Sulfur 0.95

Ash 9.32
Btu/lb. / 13,827 OxyKen (dlff) 6.15
Sulfur / 0.95 ......
Alk. as Na20 / 0,18 XO0t

mUAI
AnaLula

Ash Fusion Reducin_ (OF) _ l tnited Basis

Initial Deform. 2700+ Silica, SIO 2 53.10
Softenln s (H-W) 2700+ Alumina, AI203 29.95
Softenln K (H-I/2V) 2700+ Titania, Tie 2 1.47
Fluid 2700+ Ferric Oxide, Fs203 7.31
T250 Teup. 2900+ Line, GaO 2.24

Magnesia, MgO 1.13
Potassium Oxide. K20 2.75

t EqullibrlumMoist_are h.5 Sodium Oxide, Na20 0.79
" Silica Value 83.25 Sulfur Trloxide, SO3 0.72

Base: Acid Ratio 0.17 Phos. Pentoxide, P205 0.12
Free.Swellin s Index 5 Strontium Oxide, sre 0.19
HardKrove Grind- 48@4.5t Barium oxide, BaO 0.12

abillt7 Index Moisture Manganese Oxide, Mn304 0.08
Foulin B Index 0.09 Undetermined 0.03
SlaKKln B Index 0.10 .......

100t

6166
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ADDITIONAL CHARACTERISTICS AND DELIVERY CONDITIONS

lt £= _ _ that you envision the folloviu6 conditions of this
produ©t and your purchase of it:

lA. ] lt i8 available from a reputable and reliable supplier.
w

[B. ] It will be delivered in rail cars or bargain according to the usual
8pecl£icat£ons for the REFERENCE STATION.

lC. ] lt can be handlad satiI£actorily in available conveyors, blondsre,
pulverizers, atc. Ira v_norab£1i_y to £roozin B, oxidation, and
apontanoouB combustion is wall within industry norms.

[D. ] The stated pri©o vLll be aubJoct to usual preala or penalties for
variations away iron the specifications listed above and you can
8pec££y rejection $£alts.

|E. ] You are able to curtail purchases of ocher fuels wLchout being
penalized or JeopardLzinS your sbLli_y to purchase r.hose fuels in
the fuL_Lre.

IF. ] Air pollution control resulatiorm will resa£n st current: lovel8.

FLF,.,_E BE ;.J_GIIqATI'VK AND FLEXIBIJ_ nq COHSIDERIHG _ THIS FUEL GOULD
BE _CTI'VE AT THE ILTGK'EFR.ICE FOR. IDAKTOF YOUR.FUEL I_ICHASES.
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III. BIDDING FOR THE REOUCED-SULFUR FUEL

Most fuel procurement is done by competitive bidding. Each bid
provides a price and list of coal qualities and you are able to choose

. among the bids. The format here is different. You are given a price for
the reduced sulfur produ=t and asked how much you would purchase. You
can choose any amount, from OX of your tota! 1986 coal requirement to
IOOX. You should purchase some of this product if, by substituting it
for some or ali of your other coal, you can reduce the busbar cost of
generating electricity.

7. Suppose that the reduced-sulfur fuel is offered in spot or long-term
contracts at 86.5 X of the REFERENCE PRICE (developed in point 5
above).

This would make its price

86.5 X x _97,?;, _/MMbtu - |7_).9b _/MMbtu

At this price, approximately how much of this fuel (as a percentage
of your 1986-coal usage) would you buy? (Use a_ "x= to mark one
point on the following scale)

e e i I I I I I I I q

OX 1OX 80X 30X 40X 50X 60X "/OX BOX 90X IOOX

8. Was your answer OX to the preceding question? (Circle one response) YES NO

If NO: Go to question B

If YES: Relative to late 1986 coal prices, at Nhat price would it
be worthwhile to buy enough of this product to make up 5X
of your fuel purchases (in tons)? (Use mn "x" to mark one
point on the followir._ scale. Your reference price is
indicated by V.)

.

st • .......... I ii T I I , _--q

0 50 I00 150 :=00 250 300

/MMBTU

i--L--_



9. For the product specified above, rate the £ollowinS non-price charac-
teristics as neSaclve or positive influences on your overall evalua-
C£on of the qualicy of chs product:.

Very Very
Kua.r£_ _ "

a) volacf.licy 1 2 3 ,6 "

b) Combuacibllicy 1 2 3 4

c) HandlinB characcerlscics I 2 3 4

d) Sulfur content 1 2 3 4

e) Ash concenc 1 2 3 4

f) Ash fusion I 2 3 4

S) Ash reslsclvlcy I 2 3 4

h) Alkaline content: 1 2 3 4

i) Chlorine I 2 3 4

J ) Foulins 1 2 3 4

k) SIaKKin K l 2 3 4

1) Supply reliab£11cy l 2 3 I.

m) Contract: terms 1 2 3 &

rs) Compliance vich current SIP l 2 3 4

o) Possible chanses in polluclon standards I 2 3 4
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10. If you have additional comments about this survey, please write them
below:

i

PLEASE RETURN THIS SURVEY IN THE ATTACHED, ADDRESSED AND STAMPED
ENVELOPE WITHIN FIVE DAYS. RX'fURN TO"

Dr. Charles Kolstad
CRSC Survey
Universit 7 of Illinois
408 South Goodwin Avenue
Urbana, IL 61801

(Questions? Contact Rodger Woock at 217/333-9897)

THANKYOU FOR YOUR COOPERATION.
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APPENDIX F. Adjustments to Fuel Cost and

Premium/Penalty Calculation Procedures
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Comparative Evaluation

Calculation of Adjusted Delivered Cost Per Million Btu

_ Supplier #1

Coal produced in Kentucky.

- Price $25.00/Ton F.O.B. Mine.

Transportation Cost: $12.00/Ton

Guaranteed Analysis: 7% Moisture, 8% Ash (dry basia),
13,000 Btu/lb. (as received).

Price - $25.00/Ton

Tax (5% of $25.00) - 1.25

Transportation - 12.00

Ash Adj. .1968 X 8 (Amh Factor X % Dry Ash) - 1.574

* _8.25 X 50_

Moisture Adj. .02314 X 7 X L 13,000 J - .238

(Moisture Factor X _ Moisture X Delivered Coat
Per F_Lllion Btu).

Total Adjusted Delivered Cost - $40.062/Ton

Adj. Delivered Cost per l_Lllion Btu 40.062 X 500 - $ 1.5408
13,000

*Ash and moisture factors vary from plant to plant and are subject
to periodic update.
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Supplier_2

Coal Produced in West Virginia.

Price $24.75/Ton F.O.B. Mine.

Transportation Cost $13.50/Ton.

Guaranteed Analysis 6% Moisture, 8.2% Ash (dry basis),
13,200 Btu/lb. (as received).

Price - $24.75/Ton "

Tax (5% of $24.75) - 1.237

Transportation - 13.50

Ash Adjustment (.1958 X 8.2) - 1.614

* E9.487 X 50_ - .208Moisture Adjustment .02314 X 6 X 131200

Total Adjusted Delivered Cost - $41.309/Ton

Adjusted Delivered Cost per Million Btu - 41.309 X 500 - $ 1.5647f3.=oo

Selection of Suppller #i would result in the lower cost per
million Btu.

*Ash and moisture factors very from plant to plant and are subject
to periodic update.
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Coal Payment Adjustment

Premium/Penalty Calculations

- Assume coal was produced in Kentucky.

Price $25.00/Ton F.O.B. Mine.

Transportation Cost: $12.00/Ton.

Guaranteed Analysis: 7% Moisture, 8% Ash (dry basis),
" 13,000 Btu/lb. (as received).

- Tons Received: 50,000
Ash as received: 8.5%
Moisture received: 6.0%
Btu as received: 13,000

E .. .
Ash Adjustment: 8 - 8.5 , X .1968 - $(.205/Ton)

.06
atom

(Guaranteed % Ash - % Ash (Dry) Received) X Ash Factor.

* ,_ --__8.25 X 50__ - .034Moisture A_Justment: (7-6) X .02314 X lq3_0_ --

(Guaranteed _ Moisture - % Moisture Received) X Moisture
Factor X Delivered Cost Per Million Btu.

.tu ^dJus=ent: 38.25X l'J,100- 13,0v.I - .294
L _J13,000

(Delivered Cost per con X Btu Received - Btu Guaranteed)

Total Adjustment $.123/Ton

50,000 Tons X $.123/Ton - $6,150 Premium paid to Supplier.

*Ash and molscure factors vary from plant to plant and are subject
to periodic update.
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APPENDIX G. Form Coke Process Descriptions
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FORM COKE PROCESS DESCRIPTIONS

The following is a description of the six most significant of the form

coke processes developed and those that have actually produced enough coke for
,.

blast furnace trials.

i. The Ancit Process is a modification of a Dutch State Mines Process for

the production of domestic smokeless fuel briquettes. I'2 This process

utilizes a two-coal, hot briquetting technique for producing a form coke.

A non-coking, low-volatile, anthracite coal is heated rapidly to about

II00°F in a horizontal retort. The hot gas from this step is then

utilized to preheat the coking coal component to about 550°F. The two

components are then mixed in a ratio of 75% non-coking coal and 25%

coking coal, with a resulting mix temperature of 800 ° to 950°F. The mix

is briquetted at this temperature and the briquettes are transported to

an insulated holding bin where they harden while slowly cooling, thus

improving their physical properties.

Work on the Ancit Process was initiated in 1950, and in 1952, a 5 tons/ht

pilot plant was built near Limburg, Holland. The Eschweiler Coal Company

acquired the process rights in 1967, and in 1971, a 275 tons/day

demonstration plant was built in Alsdorf, West Germany. The Ancit

formcoke is primarily being used as smokeless fuel; however, several

tests lasting 3 to 4 days each were run on a small blast furnace at Thy-

Marcinelle, Belgium. The results were discouraging because the product

was not resistant to+abrasion and its strength was relatively low.

2. The BFL Process is similar to the Ancit Process in its basic form. I'3 It

is a two-component system using 65% non-coking coal, which is devolatil-

ized at about 1400OF in a Lurgi Ruhrgas unit, and 35% coking coal, which

is heat-dried. The two coals are mixed and then briquetted at an average

temperature of 850°F. The green briquettes can be used directly or
calcined at 1450 ° to 1650OF in a vertical shaft coker.

The BFL Process has been extensively developed on progressively larger

units, starting with a bench-scale unit in 1960. The first pilot plant,

with a capacity of 100 tons/day was erected in 1964, and by 1967, this

pilot plant had produced formcoke in both the green and calcined

o briquette form which was used for two blast furnace trials at Rheinhausen

in 1970. On the basis of these tests, a decision was made to build a 300

TPD demonstration plant in order to produce sufficiently large quantities
O

of form coke briquettes for testing in different blast furnaces and under

various conditions. The demonstration plant was built at Prosper, West

Germany, in 1976, but after many operating and mechanical problems, was

permanently shut down in 1978.

3. The HBN Process requires a blend of 85% low-volatile, non-coking coal and

15% coking coal. 4 The coals are briquetted using a tar or pitch binder.

Then the green briquettes are charged into a shaft coker where they are

carbonized at about 1850OF in a closely controlled heating cycle. The

briquettes are cooled in the lower zone of the coker where the recovered

heat is recirculated to the high temperature zone in a recirculating gas

stream.
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HBN form coke produced at a 100-tons/day pilot plant at Douai, France,

has been tested in blast furnaces during four separate experimental

programs. The duration of each of the test programs was quite extensive,

ranging from 29 to 58 days. However, during the tests, only about 25% of

the by-product oven coke was replaced with form coke. The design of a

200,000 tons/yr HBN plant was completed in 1977, but no orders for "

construction of such a plant have been placed to date.

4. The Sapozhnikov Formcoke Process was developed at the Ukrainian Institute

for Coal Research in the USSR in the late 1960'_. i'5 In this process, a

mixture of crushed medium- or high-volatile, weakly coking coals is

heated in a series of fluidized beds with closely controlled temperature

increases between beds. After the coal has been heated to about 950"F,

it is briquetted hot without the addition of binder. The hot briquettes

are then heated to about 1850°F in vertical ovens in order to complete

carbonization.

Only two blast furnace tests using Sapozhnikov form coke have been

carried out on a small blast furnace, and each test was limited to a

duration of three days. The form coke replaced 100% of the by-product

oven coke with good operating results. Soviet coke specialists in 1977

indicated that they had no plans to replace their 8-tons/h_ pilot plant

with a larger unit.

5. The DKS Process was developed as a joint venture by Didier engineering

GmbH, Keihan Rentan Kogyo Co., Ltd., and Sumitomo Metals Industries,

Ltd. 6 This process requires the blending of 70% to 90% non-coking coal,

up to 20% coking coal, and 10% pitch binder. This mixture is heated and

briquetted in a vertical slot oven with either a bottom dump floor or an

inclined bottom with a discharge door at the lower end. The coking

process is not significantly different from the by-product oven process

except that the product is in the form of briquettes of uniform size and

shape. One necessary precaution is to ensure that the coal blend is

maintained within a critical fluidity range; if the fluidity is too high,

the coal will fuse together and the individual briquette form will be
lost.

DKS formcoke was used experimentally in six different blast furnaces in

Japan in trials of from 3 to 21 days. The results indicated that the DKS

formcoke can be used without adverse effects as a replacement for up to

50% of the by-product oven coke on large blast furnaces. At the present

time, the 10-oven DKS process experimental battery has been shut down,

and no plans have been announced to build a commercial-size installation. •

6. The FMC Process was one of the first processes to produce formcoke

suitable for blast furnace use on a large scale. 7 FMC's primary

objective when developing the process was to produce coke suitable for

their phosphorus furnaces. The early work led to the building of a

demonstration plant at Kemmerer, Wyoming, in 1960 as a joint venture

between FMC and U.S. Steel Corporation. The FMC coke process was

designed to use a single non-coking coal as the raw material, in

conjunction with a binder produced from the tar generated during the

carbonization step. The coals best suited for this process are low-rank,

high-volatile, subbituminous and bituminous coals that are mined in the
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states west of the Mississippi. However, good coking coals, including

medium-volatile, bituminous coals, have also been successfully processed.

The Kemmerer plant has been running successfully and continuously since
1966.

The first step in the FMC coke process is the devolatilization of the

finely ground coal to produce a calcinate containing about 3% volatile

. matter. This is accomplished in a series of three fluidized bed

reactors, from which tar is also recovered and processed into binder.

The calcinate produced is mixed with an appropriate amount of binder and

briquetted. The green briquettes are cured at about 450°F in an oven and
coked at about 1600°F in a combination shaft coker and cooler to form a

hardened briquette.

Several blast furnace tests have been carried out with form coke from the

FMC coke process. In 1962, FMC form coke was tested on the experimental
8,9

blast furnace of U.S. Steel Corporation in Universal, Pennsylvania.

Subsequent tests included tests at Armco Steel Corporation in 1967; 10 one

at the No. 3 blast furnace of British Steel Corporation in Cardiff,

Wales, in 1972, 8'9'11 and a 20,000 net ton test of FMC form coke

briquettes at Inland's No. 5 blast furnace in 1973. 12
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