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COAL A~ND 01L-SP-~\LE PROCESSING AND C0~USTION 

Introduction: Presently fluid hydrocarbon fuels are obtained in quantity 

only from petroleum and natural gas. Domestic sources, until recently, 

have provided the energy for the industrial growth of the country. Pro- 

jections of consumption of fluid hydrocarbons indicate that substantial 

quantities :fil! have to be imported, while at the same time domestic 

production may hold level or decrease. The only practical alternative 

sources o~ signlfican= quantities of fl~id hydrocarbons in the United 

States are coal and oil shale. 

A large fracLion of the Norld's resources of coal and oil shale is 

located in the United Sta~es. it is estimated that sufficient amounts 

are available to support our domestic needs for oil and gas for at least 

the next several hundred years, thus providing national self-sufficiency 

as soon as a suitable domestic processing ar~ conversion industry for 

these energy sources can be established= As an alternative to the 

i~port=tion of large energy supplies, the United States then would he very 

.: ~ ~ favorably s~tuated from a energy standpoint. IIowever~ to establish such 
- ,  . 

"s 

- % 

~ :~about 1,000,000 bbl/day production of oil and 1.5 trillion cf/year of 

~:~ .-_ ~peline quality gas might be available by 1985, if the Federal government 

has a strong commitment to achieve that goal. Achievement of this goal 

an industry and t o  develop the technology necessary, a vigorous national 

effort is required. 

0ptimistic projections indicate that by 1985 an industrially supported 

oil-shale industry of about 1,000,000 bbi/day can be developed. From coal, 

would provide for rapid industrial expansion after 1985, but first t h e  

threshold must be overcome. 
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During the near-term period, the development of reliable stack gas 

cleanup systems must be accomplished in order to insure that coal can be 

burned in central power plants in an environmentally satisfactory manner. 

Simultaneously new coal combustion techniques must be developed which have 

greater efficiency than conveutional systems. Stack gas cleanup consumes 

from 3 to 7 percent of the power output of a plant. Pressurized fluidized 

bed combustion systems will be developed under this program whichhave the 

capability of higher thermodynamic efficiencies than conventional systems 

and also avoid the power losses in stack gas cleanup. 

The proposed support~mg research is an effort parallel with the coal 

gasification and liquefaction research and focuses sharply upon the equip- 

ment and material problems that are encounteredin the hostile conditions 

used in these pzocesses. Cou~nercial development can only follow when there 

is reasonable assurance of reliable continuous plant operation. The 

solution to problem areas is usually less costly in the laboratory than in 

a pilot plant operation. 

Proposed fundin~ levels for the five subprograms includedin this 

review are as follows: 

BUDGET (Millions) 

Pipeline Quality Gas from Coal 

Clean Liquid Fuels from Coal 

Improved Combustion Processes 

Improved Environmental Control 

Support Research for Coal and Oil Shale 

FY 75 FY 76 FY 77 FY 78 FY 79 TOTAL 

35 161 32 21 16 265 

75 100 75 75 50 375 

20 2O 5O 55 55 2O0 

70 77 42 38 33 260 

2.__.00 28 27 24 21 12.__._~.0 

220 386 226 213 175 1,220 



PIPELINE QUALITY GAS FROM COAL 

Goals a=~ Ob~ec;ives: The goals and objectives of this research 

and development program are to reduce to commercial practicality one 

or more environmentally acceptable methods of converting coal to pipe- 

line quality gas and to develop the technology necessary for the 

establishment of a commercial coal-to-pipeline quality gas industry 

with due regard to environmental considerations by pilot plant testing 

and hy constructing and operating a coal-to-pXpe~ine quality gas 

demonstration plant. 

Impact of Successful R&D on Energy Situatiqn: Present estimates 

• indlca=e that successful research and development ~ill result in the 

operation of cemmarcial (250-million el/day) plants by 1981. it is 

estimated that pipeline gas from eoal will contribute 1.5 trillion 

cf/year (1.5 quadrillion Btu) by 1985, accounting for 4~ of the supply. 

This is expected to rise sharply to 7.5 trillion cf/year (7.5 quadrillion 

Btu) by the year 2000, accounting for 13% of the supply. 

SRecific Achievements Expected from Pro~r~m: It is expected that 

tki~ program will lead to pilot plant testing of the four advanced 

gasification processes (Hy~as~ CO2-Aceeptor , Synthane and Bi-Gas) and 

construction and operation of a demonstration plant which will test a 

selected pro~ess or a system comhinin E the best features fromseveral 

processes. After operation of the demonstration plant, sufficlen~ data 

will be available for design and construction of commercial plants. 



B udge~ (Nillions): FY 75 FY 76 F%" 77 FY 78 FY 79 Total 

Pilot F!ant 27 20 I0 57 

Advanced R&D 4 8 2 1 1 16 

Demonstration 4 133 20 20 15 192 
Plant 

35 161 32 21 16 265 

Pilot plant funding includes support for Hygas, CO2-Acceptor , Synthane 

and Bi-Gas. Advanced R&D consists of engineering evaluation as well as 

development of the Hydrane process, Liquid Phase )~ethanation, the Stirred- 

~ixed Bed and the Self-Agglomeration process. In addition to the funding 

sho~.-n far EY 75, $I0 =ili!ca is expected from industry for the Office of 

Coal Research- American C~s Association program. The demonstration 

plant program is projected to include additicnal funding from industry. 

Also in=!uded in the above funds is continued back-up research to 

support the planned operations. 

A breakdown of funds in terms of operating expenses and construction 

is as follows: 

(Millions) F~ 75 

Operating Expense 16 

Construction~ 19 
Equipment 

35 

ProKram Plan and Content: 

FY 76 FY 77 FY 78 FY 79 T o t a l  

25 32 21 16 II0 

136 . . . .  155 

16! 32 21 16 265 

The pipeline quality gas from coal program 

consists of the continued operation of the HyEas and C02-Acceptor pilot 

plants, the completed construction and subsequent operation of the Synthane 



an~ Bi-Gas pilot plants and construction and operation of a demonstration 

plant producing 50-150 =il!ion cf/da>. The present schedule calls for 

operation of the Synthane pilot plant in 1974 and ~i-Gas by 1975. 

Constructimn of the demonstration plant (producing 50-150 million cf/day) 

is expected to start in 1976 and be completed in 1979. It is anticipated 

that commercial plant construction =ou!d be initia~ed soon thereafter 

by industry. 

Present industry funding participstion consists of 1/3 support of 

the OCR - AGA gaslfication program (Hygas, C02-Acceptor , Bi-Gas and 

Others) ° it is expected tha~ indust~ ~rill participate at least to this 

same extent in the construction and operation of the demonstration plant. 

Teehn!ca! Handicaps and Actions Su~zested to Assist Program: The 

basic processes i=volwed in coal gasification are not expected to present 

unsolvable engineering problems which has been a deterent factor in 

obtaining suSstantial funding commitments from industry in support of 

the program. 

An environmental impact statement ~ii be required for the demonstra- 

tlen plant. The plant will have a siEnificant environmental impact since 

it w-ill utilize large amounus of coal (]..5 mill£on tons/year) and water 

(10,000 acre ft/year). This will have to be considered in site selectio~ 

Capital and manpower availability, material requirements and social 

impact are no~ expected to be substantial proSlems. 

Other government action whiP, would aid the E&D program would 5e 

favorable and definitive action by ~vPc in regulating price of SNG from 

coal (when mixed withnatural gas) to remove present uncertainties con- 

earning government policy in this area. 



CLEAN LIQUID FUELS FROM COAL 

Goals and Objectives: The goals and objectives of the clean-burning 

liquid fuels from coal program is the developmeut of one or more processes 

for converting coal to a high-quality clean-burning boiler fuel. Such 

fuel should be carable of further refining to produce a high-quality 

Synthetic oil or a satisfactory motor fuel. The program will achieve 

this objective by careful operation, over a period of years, of a number 

of pilot plants that will include the direct hydrogenation of coal, 

extraction of coal, and the carbonizatien of coal. 

By converting coal to a clean-burning liquid, the use of oil in power- 

plants can be eased. Natural gas, too, can 5e eonserv&d for higher priority 

uses. With successful development, additional process units can be added 

to the pilot plants to further refine the.coal liquids to produce diesel 

fuel, gasoline, and jet fuel. 

Data will be collected and analyzed to provide engineering design 

information such that a demonstration plant can be designed and ready for 

construction by the fifth year of the prosram. The demonstraticn plant 

will seek to test a number of processes and process alternates at a 

single operational location. This test facility will have a capacity 

expected ~o be about IO percent of a commercial-scale plant, i.e.~ 

2,500--I0,000 tons of coal per day. Plant produces will include a 

high-quality synthetic oil, a low-sulfur boiler fuel, pipeline-quality 

Kas, fuel gas, and byproducts related to the mining/processing operation. 



Impa£t of Successful R&D on Eneygy Situa=!on: Based upon this program, 

it is expected that plants with a total capacity of about 1.5 million 

barrels of liquid per day would be constructed over a period of about 

I0 years. On an annual basis these plants'would provide 6.0 x 1015 

Btu's with inpu~ into power generation, residential heating, commercial 

use, and industrial fuel. 

As commercial development proceeds~ about 1 trillion cu, ft. (1.0 x 

1015 Btu's), I[3 biiiion barreis of oil (2.0x 1015 Btu's), and 68.6 

,dllion tons of reformed coal (2.2 x 1015 Btu's) would be added to the 

synthetic fuel capability of the Nation. I~ 1970 dollars, this would 

require an annual investmen~ of ~8-~$I0 billion per year in mine~ 

physical plant, and supporting systems. 

Specific Achievements Expected from Program: This program will clearly 

establish th~ feasibility of converting high-sulfur coal to a clean-burning 

liquid with a thermdl efficiency of approximately 70 percent. 

i ceiling price will be established on imported crude oil. If the 

r~duction in imported crude price, as a result of this program, is only 

50 cents per barrel, a projected 1985 use of 10-billion b~rrels/year, 

wi=h 55 percent of the use met by imports would show an anr~ual savings 

to the Nation of $2.75-billion. Further benefits will accrue in the 

form of gas production and a clean solid fuel for power purposes. 

Budget (Millions) rY 75 FY 76 FY 77 FY 78 FY 79 Total 

Government 75.0 100.0 75.0 75.0 50.0 375.0 
Industry 5 ..___O0 10. O I0.0 25 .___O0 25.0 75.0 

Total 80.0 110.0 85.0 100.0 75.0 450.0 



Projects included are: Solvent Refined Coal; C.O.E.D.; Direct Hydrogenation 

(Synthoil and Other Catalytic processes); Fischer-Tropsch Synthesis; Clean 

Coke and Liquids; Cresap Testing, Research an4 Engineering Facility; 

Bench Scale P.%D end Demonstration Plants. Demonstration plants represent 

the major funding outlay in the FY 77-?9 period. 

Pro=ram Plan and Concen¢: To obtain da;a for the desig~ of co~ercial-scale 

plants, a series of pilot plants will be designed, constructed, and operated. 

The pilot plants are expected to have capacities ranging from i-i0 tons/hour 

of coal, with most of the plants falling within the 5-I0 tons range. The 

direct hydrogenation of coal will be studied ~n a~ ebullated bed plant (a 

liquid fluid bed system) and in several fixed catalyst systems. Low 

temperature carbonization of coal at atmospheric and elevated pressure 

will be investigated. The extraction of coal in a hydrogenation-donor 

process derived solvent as well as in the presence of hydrogen will be 

studied at the pilot-plant scale. Liquids produced by the various 

processes will be catalytically hydrogenated over a broad range of 

conditions to determine the best system. 

To provide balance for the total system a concurrent supporting 

research program will be undertaken seeking better materials of construction 

and development of special items of equipment. Engineering and systems 

studies will proceed with the experimental program to insure early commer- 

cialization of the concepts investigated at the pilot plant level. One or 

more pilot plants combining processes with a synergistic effect will be 



desig~cd, constructed, and operated. Typically, a plant might produce 

chemicals~ fuel gas~ a synthetic oil, a low-sulfur solid fuel (coke or 

coal), and perhaps include a power system as well. 

As pilot plant data are available, they will be assembled and 

analyzed. During the second year of the program a commercial-scale- 

demonstration plant design will begin. The purpose of the design is 

to insure that the pilot plants produce the data needed for design of 

commercial-scale facilities. Individual processes will be related, one 

to the o~her, so tha~ complementary process schemes can be incorporated 

into the final demonstration plant desi~." During this period the 

detailed environmental impact statement of the demonstration plant 

~ill be prepared. 

Teghnlcal Handicaps and Actions Su~ested to Assist Prosram: The'conversion 

of coal to a liquid is not new. No technical obstacles are foreseen. The 

primary program need is the demonstration of process economics of the 

various methods to determine an economic, practical commercial optimum. 

The preliminary research work and the continuing supporting research 

should be funded by the Government. As projects proceed to the pilot 

plant stage= private funding should be sought to augment the funds shown. 

This will be difficult to obtain, but it is believed that $75 million can 

be obtained over the life of the program. As the projects mdve toward 

co~amercialization, it will be vital to have available modern mining 

systems capable of supporting coal synthetic fuel plants that require 

~5out I00,000 tons/day of coal. Funding for this research and development 



is not included in this budget. In addition, policy decisions may be 

necessary to encourage industry to undertake the heavy capital invest- 

ments demanded by cormmerciaifzatlon. 



D~ROVED COMBUSTION PROCESSES 

Goals and Objectives: The goalsand objectives of this program are to 

develop technology for utilizing the ~ation's substantial coal reserves 

for electric power production an~ other industrial applic~tious in an 

env~ro~mentally satisfactory manner an4 to achieve increased thermal 

efficiency and lower costs by use of fluidized-bed combustion an6 modifi- 

cation of conventional boilers. 

~mp@c!0fSuczessful R&D 0n Ener=~7 Situation: It is estimated that, once 

fluidized-bed combustion is developed successfully, it will 5e applied to 

0.2 x 1015 Btu (input) capacity by 1985~ and 2.2 x 1015 Btu by 2000. This 

degree of implementation would result in a savings of $0.2 billion in plant 

capital costs by 1985, and @2.9 billion (cumulative) by 2000~ compared to 

conventional boilers equipped with stack gas cleaning. The reduction in SO x 

emissions would be 0.7million tons in l9S5, and 7.2 million tons in2000, 

compared to the discharge from~ncontrolled conventional boilerso The 

elevated-pressure systems should achieve a level of 41 percent in plant Lher- 

mal efficiency resulting ins savings in coal utilization of as much as 5 

million tons/yr by 2000 when compared to the present combustion system 

w~th an efficiency of about 38 percent. Application of com~ustor 

modification techno!o~y would improve fuel utilization efficiency 

by one percent or more, thus reducing energy requirements accordingly. More 

importantly, however~ combustor modifications will provide the hast tech- 

nology for establishing and meeting standards for area sources. NO x 

emissions, for example~ may be reduced by up to 60 percent. Emission of 



hydrocarbons and polycyclic organic materials will also be significantly 

reduced from some processes. 

Specific Achiev~.ents Exl~.ected from Program: This program plan will lead 

to the development and ~c~znercial scale demonstration of n~ and more 

efficient combustion systems, including development of an advanced boiler 

concept and modification of conventional boilers and industrial furnaces. 

The advanced boilers to be developed include two variations of the fluidlzed. 

bed combustion process (atmosphere and hill pressure). Modifications to 

conventional coal and oil burning boilers and furnaces arc included in the 

program planning and will result in optimization of rate and completion of 

combustion, reduction of critical flame temperatures, and dry (catalytic) 

methods for control of NO x from stationary gas turbines. 

~LDGET (Millions>: FY 75 FY 76 FY 77 FY 78 

Pressurized Fluid-Bed 2 I 7 

Atmospheric Fluid-Bed 8 4 37 

Support E&D 6 6 2 

Combustion Modifications 4 9 4 

FY 79 

12 12 

37 37 

2 1 

4 5 

20 20 50 55 55 

Total 

34 

123 

17 

26 

200 

Program Plan and Content: The program provides that a pressurized version 

of the £1uidized-bed boiler will be tested at an existing 0.6 Mwpilot 

plant ($Z mi!llon ~es~ project, all Government-funded), followed by 30FM 

deaonstration plant tests ($12 million Government, plus $12 million indus.~ry 

funds), and finally ~ full-scale testing of a 150 lW~module plant ($41 milliol 

Govermnent, plus $36 million industry). The funding stipulation ass~nes 

that industry will support 50 percent of the cost of design and construction 



of the demonstration a.nd fuil-scale module plant. The project is 

expected to be completed by the end of FY 81. 

~ased upon the more advanced stage of development and reduced 

technological dlfficulty, the atmospheric pressure fluid-bed boiler pro- 

ject will begin with construction and testing of a 30 }~T-levei pilot plant 

($18 ~il~ion, all Government). This will be follo~ed by construction and 

testing of a 400 ~ demonstration plant ($105 million Government, plus 

$105 million industry). The project %,ili be completed by the end of FY 80. 

The combustor modification program includes testing of candidate 

burner and combustor designs for utility and industrial boilers, industrial 

process furnaces, ald utility gas turbines ($27 million Government plus 42 

percent of total by industry). The major po£tion of this program is expected 

to be completed by FY 79. Gas turbine tests, including testing of a 50-75 }h~ 

combined cycle demonstration plant will ~5e undertaken and completed by the 

end of FY 82. 

Government expenditure no completion for the ~otal fluid-bed boiler 

combustor modification program is estimated to be $230 million, with post 

FY 79 costs at the $~0 million level. 

Technical_Band~caps and Actions Suggested to Assist Program: Restraints on 

the success of fluidized-bed combustlon systems include: (I) demonstration 

of sorbent regeneration and sulfur recovery, for those variations of the 

system involving regeneration; (2) demonstration of high-temperature, high- 

pressure particulate removal technolgy, for pressurized systems; and (3) 

demonstzati~ the operability of the integrated boiler systems on a large 

scale. Reluctance of boiler manufacturers and operators to build and install 

boilers radically different from what is currently commercial may be a 



barrier to co~ercialization. Major restraints in combustion modifications 

will be ~ased by the demonstrations of efficiency and pollution reduction 

with satisfactory operating characte:-istics and equipment durability. It 

is expected that co~merc~;lization of fluid-Seal boilers will introduce no 

more significant demand on manpower, ~oney, social dislocation, and materials 

requirements than the use of conventional boilers. 



IMPEOVED ENVIROh~IAL CONTROL 

Goals ~na Objectives: The goals and objectives of this program are: 

(I) Te improve the utilization of coal in direct combustion processes by 

reduction/control of pollutant and impurity z-missions, (2) to provide 

environmentally acceptable control me~hods when converting coal and shale 

oll to pipeline quality gas, liquids, and clean fuels, ~3) to reduce cost 

and environmental impact and increase availability of energy through 

byprod~,cts~,astes recovery and ut~llzation from coal and oil sbale processing, 

(&) to develop and demonstra=e improve4 and new methods for reduction of S0x, 

particulates and hazardous pollutant emi~3ions fro~ ~he u~ility, ~ndus=rial 

and comme=cial combustion of" coal, (5) to &mpro'vc ~hysical coal cleaning 

techniques and to d~velop new chemical coal treatment methods that ~ould 

result in maximu~ reduction of impurities~ (6) to quantify the environmental 

problems associated with =oal and oil shale processing to produce gaseous and 

liquid product= and dev=iop necessary control technology to assure establishment 

of an environmen~allyacceptable commercial industry, (7) to reclaim energy 

values contaiae4 in coal refuse and refinery residues of high-sul~ur content, 

(8) to optimize reclamation of land surfaces disturbed 5y mining of energy fuels~ 

and (9) to reduce coal and oil shale processing costs hy recovery an4 utilization 

of mining refuse, process wastes and byproducts. 

Impact of Successful E&D on Energy Situation: The attainmenE of ~he program 

goals will: (a) enable ~he continued use of the ~ation's high sulfur coals 

for combustion purposes in an environmentally acceptable manner,'(5) provide 

a basis for accelerating the coal base utility capacity to generate clean 

electrical energy , (c) develop needed environmental control that will assure 

the accelerate development and commercialization of the coal and oil shale 

process~n E conversion industry; and (d) increase utilization and recovery of 

byproduct values from waste and secondary materials. 



Specific Achievements Expected from Program: Specific achievements that 

should be obtained in this program are: 

Complete identification and quantification of pollutant occurrence, levels 

and rates in existing coal conversion pilot plants by the end ofF? 1975. 

Complete demonstration and long term reliability testing of two additional 

flue gas desu!furization (FGD) systems, complete evaluation and development 

of firm engineering data for specific process control techniques for reduction 

of pollutant emission from coal conversion systems, complete development 

investigations of processes for envirommentally acceptable disposal of waste 

products and methods for reclaiming salable byproduct values from coal 

conversion pr.oc~s~es, obtaining sufficient pilot plant data on chemical coal 

cleaning (desulfuri~ation) to provide required engineering information £or 

~caleup to demonstration size during FY 1976 and 1977. 

Complete demonstration and reliability testing of four additional advanced 

FGD systems by 1978. 

Complete the major FGD demonstrmtionprogTamS, complete development and 

demonstration of fast generation fine particulate control techniques for 

stationary combustion sources, and complete construction and initial operation 

of a demonstration plant that utilizes high sulfur coal cleaning refuse to 

generate electrical energy in an environmental acceptable manner by the end 

of FY 1979. 

During the program period (1975-1979) continue improvement in physical cleanin| 

of coal and reclamation of lands disturbed by ~i~ing of energy fuels. 



Budget (millions): 

Flue Gas Desulfurization 

Particulate & Hazardous 
Emission Control 

Fuel Cleaning 

Fuel Conversion Control 

Waste Disposal 

Pro~am Plan and Content: 

FY 75 FY 66 FY 77 FY 78 FY 79 Total 

29 27 7 5 - 68 

8 II 8 8 8 43 

4 6 5 3 3 21 

15 19 13 13 13 73 

I_4 1_4 9 _9 _9 5s 

70 77 42 38 33 260 

This program is based on Federal support of the 

research and development program and industrial/Federal support of demonstra- 

tion plants. ~ne input of industrial/private expertise is maximized by 

contractual studies. ~nis approach make~ for effective transfer of information 

and deveiop~ent of industrial competence to carry out commercialization. The 

expected contribution from industry sources over the program period is as 

follows: flue gas desulfurization, $50 million; particulate and hazardous 

emission control, $20 million; fuel cleaning, $11 million; emission control 

from fuel conversion, $30 million; and waste disposal research, $39 million. 

Technical Handicaps and ActlonsSug~ested to Assist Program: ~e stated 

ohjective can only be achieved ~f maximum utilization of Federal and 

industriallprivate expertise and capabilities are had. Additionally~ industrial 

acceptance of these goals must he obtained and reinforced. Major restraints 

on the program are: availability of capital, maintainin~ a national desire to 

protect the environment~ acceptance that recovery of fossil fuel energy and 

industrial expansion mill cause major impact in '~irgin" land areas even when 

a sincere effort is made to minimize t~ese disturbances, maintaining continuity 

of existing efforts and organization since major changes in responsibilities 

could re~elt £n serious time delays and Federal policies that will provide 

positive influence and directions to achieve the stated goals. 



SUPPORT RESEARCH FOR COAL AND OIL SHALE 

Goals and Obiectives: The goals and objectives of this program 

are: 

I. Equipment development: To develop, independent of pilot 

p~ants, reliable coal injection systems and components for coal 

gasification and liquefaction. 

2, Materials: To develop methods for service life prediction of 

materials under the highly erosive and corrosive conditions (temperatures 

to 3000 ° F and pressures to 1500 psi) found in coal processing systems 

and to develop superior materials and test me=hods for this purpose. 

3. To develop low-cost, on-site processes for producing the hydrogen- 

rich gases essential for several coal processing schemes. 

4. To develop a coherent technical,.design and e~onc,~./c informati~ 

base for coal processing. 

5. To advance unit operatioos of coal processing and to develop 

new processes for producing fluid hydrocarbons from coal. 

6. To develop improved catalysts for coal methanation, gasification 

and liquefaction reactions. 

Reliability is not inherently built into the design of present coal 

gasification a=d liquefaction pilot plants. Rather, the processing 

concepts are being investigated and proven. Before commercial plants 

are built~ there must be reasonable assurance of continuous operation in 

a reliable manner. To develop a coal processin~ industry- and obtain 

national self-sufficiency in a mini~m time, the problems of reliability 



Of materialz and equipment must be solved. It is usually less costly 

to solve these r@liability probiems in the laboratory than in pilot plant 

operations. 

!mpact of Success~l R & D on Enersy Situation: Additional 

information on the contribution of coal processing to the energy system 

is to be found in the other sections of the Coal and Oil Shale Processing 

and Combustio~ report. Pilot plant operations wast be designed to 

demonstrate the concepts and process in question. This objective, 

although necessary, is not compatible with systematic improvement of 

equipment components, inves~iga=ion of erosion and corrosion of the 

equipment, or the development of innovative prooesses. Pilot plant 

operations cannot be shut down for months while a new valve is designed. 

Rather, it is replaced. Thus= it becomes mandatory that parallel research 

be carried o~t seeking solutions to the problems that arise. The'investment 

in supporting research shuuld shorten the time and reduce the cost for 

co~nerclal development. 

Specific Achievements Expected from Pro~Fam: The limited funds 

allocated ($20 million) do not permit optimal pursuit of a~l goals. At 

this level, only the most urgent problems can be attacked. The major 

emphasis om this funding level will be to achieve the goals and objectives 

numbered I, 2, 3~ and 4 with the uncertain assumption that industry will 

assume some f,~nding responsibility for effort in achieving goals 5 and 6. 

The major thru@t will be on those projects designed to increase reliability 

and enhance the probability of success of coal processing plants. 



~JD3ET (Millions>: FY75 FY76 FY77 FY78 FY79 Total 

Equipment Development 5 8 8 7 7 35 

Materials 5 8 8 7 7 35 

Technical Dana Base & Analyses 2 4 4 4 3 17 

Hydrogen Production 2 4 5 4 4 19 

Catalysis & Kinetics 3 2 i I 0 7 

Process Development ~ ~ ~ ~ ___0_0 

TOTAL 20 28 27 24 21 120 

Larger expenditures are expected during its second and third years 

when laboratory equipment expenditures are expected to be higher. It is 

hoped tha~ industry will put increasing emphasis upon caaalyst and process 

development after ~ 1975. 

No significant construction costs are anticipated. Laboratory scale 

equipment will be required as follows: 

(Millions) FY75 FY76 FY77 FY78 FY79 Total 

Equipment Costs (estimated) 3 8 6 3 0 20 

OperaEing 17 20 21 21 21 I00 

TOTAL 20 28 27 24 21 120 

Program Plan and Content 

The plan is to start a number of parallel programs at laboratories 

where compete~-e exists. Programs on equipment development will involve: 

coa! injection systems for high pressure (lock hoppers, sealing devices, 

slurry pumps, etc.); improved filtration for coal liquefaction; and char 

and ash withdrawal systems. Programs on material development will involve: 



development of short-time test me~hods for predicting long-time mechanical 

durability and reliability Of materials in highly erosive and corrosive 

environments; development of better techniques for measuring critical 

properties; and selecting materials for coal processing equipment. Research 

on hydrogen production for use in coal conversion processes will involve 

laboratory scale investigations of: steam-oxygen process for hydrogen 

production from coal and residue chars; thermochemical cycles; electrothermal 

~eneration; and the steam-iron process. The purpose of this activity is to 

provide the information for selection of the'best process for development. 

The technical, design and economic information base to be developed 

includes: properties of coal; kinetic and thArmodynamic data on process 

chemistry of coal conversion" including pollutant control~ engineering 

data books on coal conversion; computer modeling; standard reference 

materials for trace pollutants; central information center; and analyses 

of economic and manpower implications of coal conversion programs. 

T,echniaal Handicaps and Actions Suggested to Assist Program: No 

major obstacles of a technical or policy nature are kno~mwhich prevent 

implementation of this program other than the usual uncertainties involved 

in any R & D program. 
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XI. 

P 

PIPELI!TF. QI:ALITY GAS PROWl CO.dL 

~tatus of the Technology 

A. Present ~tatu~ ~F Techmolo~v 

~{o commercial high ~tu Gas from coal process axlscs today. The 

7.ur~i flxed-hed ~asif~or ~s the only pressurlzld coal gasification 

syst,em to reach con~erclal application to @ate. It do~s not pro- 

duce high Btu gas, has low throughput is handlcapped with relatively 

hlzh ~nvest~ent costs and cannot handle f~nes or cakinK coals. For 

tl~ese reasons, a number of other processes are heln~ developed, 

These are su~mrlzed in Table X. 

HyZas , Bi-~, CO 2 Acceptor, Self-A~lomeratln~ Ash, and certain 

tests for utilizing the Lur@i process to produce a h~h Btu sas 

from U.S. coals arc being f~inded on a 2/3 8overnment (Office of 

Coal Research) and i/3 Industr~j (~merlcan Gas Assolcatlon) basis. 

Synthane and }Tydrane processes are totslly government funded 

(Bureau of ~ines). 

Althoush the basic coal Saslflcat~on chemical reactions are the 

same for ~ach process, there are impor~an~ differences in: me~hod 

of feedln~ coal to the reactor, pretreatment of coal, reactor con- 

figuration, method of supplyin 8 heat for ~asiflcation reaction, 

and methanation scheme. -. 

Several U.S. companies are presently plannln~ the construction 

and operation of a number of co=~rcial-slzed (250 million cf/da7) 

plants based on Lurer tecbnolopy, some of which may be In operation 

by1976. A methana~ion step is presently being developed to up- 

~rade the medium ~tu ~as (500-600 Btu/c~) to a high Btu product. 
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Table I. Processes for converting coal to high-Btu gas 

Process Agent St atus Comments 

Hygas 

Consol Synthetic Gas 
(CSG) or CO 2 Accepter 

Synthane 

Bi-gas 

Hydr~,e 

8elf-Agglomerating 
Gasification Process 

Lurgi 

Institute of Gas Technology 
CIGT) 

Consolidation Coal Company 

i 

Bureau of Mines 

t 

Bituminous Co~l Research, 
Inc. (BCR) 

B,Areau of Mines 

Battelle Memorial Institute 
(BMI) 

Lurgi 

80 TPD pilot plant in 
operation 

50 TPD pilot plant in 
operation 

70 TPD pilot plant under 
construction, expected 
completion Aug. 1974. 

/ 

120 TPD pilot plant under 
construction, expected 
completion early 1975. 

Labor%tory pilot plant 
development 
Laboratory pilot plant 
being designed 
Lurgi gasification is already 
conmercial. Methanation step 
now being developed on pilot 
plant stage to upgrade gas to 
hi-Btu value. 

F~uldized-bed gasifler. 
Pretrentment necessary. 
llnndles all coals. Char 
burned for power. 
Fluidizod-bed C~slfier. 
Low Prosurc (150-300 psi) 
process, design for western 
coals. Oxygen plant not 
required. 
Fluidized-bed gaslfier. 
Char burned for power. 
Inte6ral pro-treatment. 
Handles all co~Is. 
Enhrained/SlaLngJng Gasifier. 
No protrcatmcnt required. 
No by-product char. Handles 
all types of coal. 
Direct hydrogenation. No 
pretreatmcnt necessary. 

Fixed-bed gasifler. Cannot 
handle caking coals or coal 
fines. Low throughput. 
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The four major processes (Hygas, Synthan, CO 2 Accepter, and 

Bi-gas) are scheduled for pilot plant testing until 1976 at 

~hi=h time a dezonstraticn plant (50-150 million cf/day) will 

be built. 

B. B~arriers to !~.'~!e'-entation of the Techno!o~r 

i. Research 

The follo~:ing problem areas need attention: 

a. Development of long lived, hig3 throughput, sulfur 

ressistant methantion e~talyst. 

b. A better understanding of the kinetics of methanation 

reactions. 

c. The d~ve!o_~ment of a cheap scheme of producing hydrogen 

from coal or coal products (needed for direct hydrogen- 

ation processes, e.g., Hygas~ Hydr~_ue). 

d. Metallurgical deve!o~.ent of reactor materails capable 

of ~ithstsm.din.g high presures, hi@h temperatures, and 

corrosive and abrasive enviror~ents. 

2. Development Barriers 

The follo~ing problem areas need attention: 

a. Development of pressurized (I~000 psi) coal feeding 

techniques. 

b. Removal of char under high pressure, high temperature, 

corrosive and abrasive cumditiQns. 

c, The removal of tar to prevent plugging of the reactor. 

d. The removal of large ~mounts of heat from the methanation 

catalyst bed. 
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. 

e. Development of acceptable methods of burning char. 

f. Handling of coal fines in the gasifier. 

E, Disposal of large amounts of by-product elemental sulfur. 

h. Field fabrication of large-scale reactor vessels. 

i. Development of effleient large-scale mining operations 

along with effective mine reclamation. 

j. Treatment of water pollutants, especially removal of 

phenols. 

k. Grinding of coal to the correct size while minimizing 

production of fines. 

Many of the E&D Barriers will be given attention through a 

separately submlt~ed subprogram of panel 5 entitled Supportin~ 

Research. This subprogram is designed to institute a zesearch 

program specifically aimed at solving these problems relating to 

equipment, =aterials, and gasification chemistry. 

Implementation Barriers 

a. Water Resources - Commercial sized gasification plants require 

large amounts (10,000 acre it-year) of water. Lack of 

adequate water resources could be a major impediment. 

b. Social problems of large-scale gasification plants could 

Be serious. }~ny areas are sparsely populated and plants 

will bring in many people for whom housing, schools, 

etc., would have to Be found. Problems with Indian 

tribes could develop when the raw uaterials resources 

are on Indian land. 
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c. Financing of plants could be an impediment. Capital 

esti~-ates start at $I,000/!,000 cf of daily'capacity 

and this estimate is probably io'~. For the large number 

of gasification pl~_nts require, the total estimated 

capital will be very high. 

d. Manpower problems - Large numbers of trained personnel 

(about 1,0O0 peop!e/cor=ercial plant; 500 for the p!~-ut 

a~d 500 for the mine), will be needed to run the plants. 

e. Strip-mining prcb!~ms. The ar~o~ut of coal required for 

each plant will be very large (15o000-20,000 tpd) and 

much of it will be strip-mined. This could cause several 

problems with strip-mire rec!amztion and" acid-mine drain- 

~ge. Also, local, state and Federal regulations on strip- 

minimg could become ~rohibitively restrictive. 

f. ~vironmenta! Barriers - Air an~ water pollutants from 

gasification processes, a!thougdu controllable to a large 

degree, could causa problems in areas where many plants 

will be located. 

g. Umcertain goverrment policies concerning pricing of 

natural g~s and mrieing of synthetic natural gas. The 

gas industry would pro_~'er regulation at the point of 

origin but the present scheme of instituting price 

regulations when S~;G is mined "~ith natural gas is con- 

fusing and a~-kward for the in~u~tz-#. 

h. Foreign Fuel Frices - If foreign petroleum prices were 

to drop to a p~ice "~ere SNG would not be a competitive 

f~e!, the incentive for R&D ana construction of. SNG plan.~s 
i 
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C. 

vould be eliminated. 

Onto!n< ~&D Effort to Overcome ~arriers 

l, Present Levels 

As sho~ in Table I, E&D is ongoing to solve the tech- 

nical problems particular to each process. Present 

funding for all ~rocesses in about Sh0 million/year 

and is expected to be maiztalned ~t about this lev~l 

until 1976 when a dmzcnstration plant at the ccst of 

about $200 millicn will be built. 

2, Goverr~ment/Private ~_ix of funding end management 

Except for S}-zthane and Hydraze prozesseswhich are 

totally government supported, the processes ur.der 

develo~ent are supported on a 2/3 government-i/3 

industry b~_sis. 

For Sythane and Eydrane, E&D is managed by gove_--nment. 

For the other processes, management is jointly shared 

by govern~.ent and industry. 

3. Availability of results of foreign efforts 

Only foreign R&D relating to advancing Lurgi technology 

is considered impor~an% for U.S. coal gasification tech- 

nology. 

ILl. 

A. 

B. 

Rzficna! for Federal involvement 

Federal involvement is varranted because the risks and in- 

vestmenz required in the development of such n~ technole~ 

prohibits action by industry alone. 

Deregulation of natural gas vcuid increase income for gas 

companies and en~ole companies to spend additicn~l funds 
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C. 

D. 

on coal gasification research. 

Providing tax brea~,s and/or guaranteed loans and facilitating 

coal mining and rec!a_uaticn on federal lands would help to 

stimulate national investment. Providing aid in obtaiming 

capital for investment may be necessary. 

Industries attitude is very sensitive to a number of changes: 

1, Strip-mining legislation 

2, Discoveries of large natural gas supplies 

3. Regulated price of natural gas and of synthetic n-~tural 

gas 

~. Price of imported petroleum 

5. Cost of borro-;ing capital 

Other government actions required to support R&D: 

i, Favorable and definitive action by PPC in regulating 

price of SNG from coal is necessary to remove uncertainties 

concerning government policy in tkis area. 

Clarification of background patents held by industry "policy. 

Legislation rel~ng prohibitively s~rict environmental 

regulations. 

2. A governmental develc_~ed program for strip-mine reclamation 

is necessary so that reclamation techniques will be applied 

effectively when strip-,mining to feed gasification plants 

begins on a !ar~-e-sca!e. 

ObLieetives, Criteriz ~-r.d Priorlties 

A. Progre_m Ob~ ectives 

To develop the technolo~, ne:essary for the establiskmen~ of 
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B. 

C. 

a commercial coal to pipeline quality gas industry~ith due 

regard to envlror_m~ntal considerations. 

To accelerate demonstration at a commercial scale by con- 

structing and operating one or more coal to pipeline gas 

plants. 

Uriteria for se~ting priorities among programs. 

Process favored are those rich: most favorable overall 

economics~ least detrimental euv~ror~ental effects, app!~c- 

able to the broadest range of @merican coals. 

Rational has been to fo.~uulate a program to develop a process 

applicable to most U.S. coals in the earliest time possible 

~ith present funding. 

V. ~!ternative R~D program 

A. An Accelerated/Orderly R~D Progr_~n 

I. Schedule and ~-~lestones 

Pilot pl~nts for Hygas and CO 2 Acceptor processes are 

currently operating. Syth&ne and Bi-gas pilot plants 

are currently under construction and ~ill operate by 

late 197~ and early 1975 respectively. At least two 

Synthane and Bi-gas ~nd maybe four pilot plants will 

operate t~ough 1976, A demonstration plant (50-100 

million cf/day; a coz~ercial sized plant is envisioned 

to consis~ of three 80 million cf/d87 trains), based 

on one of the four ~rocesses or a combination of processes, 

will be designed in 197~ ar.d construction is expected 

to start in 1975. A second demonstration plant is 
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scheduled for design in 1976. With this schedule commercial 

planets are estizzted te be operating by 1980. 

in addition to these projects, other promising processes 

• ~ll be supported. These include the Agglomerated Ash 

Process, the deve!)~ment of Lurgi technology to produce 

high Btu Gas and o=hers. -~he Bureau of Mines Hydrane 

;roecss will be developed. A Hydrane pilot plant de- 

sign. to pro~uce 750,000 of/day will be constructed in 

!97E. ~2~o, a fluidized-bcd system for combined shift 

and meth~u~tion reactions ~I! be developed. A pilot 

~lant for this process, capable of producing 1500 of/hr. 

of S:~Gwillbe ccnstructe~ and operated. In addition, 

liquid methanation process will be investigated. 

The design ~ud construction and operation of a stirred 

£ixed-bed coal Easification unit is proposed. This can 

be a~ulied._ in th_~ near-term (before 1981) since the fixed- 

bed %ec~_nolcgy is co~--m~erc~al and the stirring has been 

demonstrated on a pilot pl~_nt scale. This program will 

be integrated with the lo~--Btu gas program. The chauces 

of success of each pilot plant operation ~..re estimated 

to be high as is the likelihood of the successful oper- 

ation of the de-onstration plant. Other processes mentioned 

a r e  estixat~.d to h~ve a lesser chance of success at this 

time because of their earlier technical stage of £evelop- 

mento 
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2. Cost and Budget Projections 

a. Projected Total Cost 

Process Year 

Hygas* 1975 
(includes steam iron) 
CO 2 Accep:or 1975 

Syuthan~ 1975 

Bi-~as* 1975 

Nydrane 1975 

Self Agg!omerating*lg75 

Liquid Phase 
Methanation* 1975 

Combined Shift 
and Methanation 
Reaction* 1975 
Engineering 1975 
Evolution 
Stirred Fixed 
Bed** 1975 
Demonstration 
Plants (2) 

Amount Year 

$4.8 million 76-76 

4.9 million 75-76 

7.2 million 75-77 

9.7 million 75-76 

1.0 million 75-79 

0.4 millicn 75-79 

1.0 million 75-79 

0.2 million 75-79 
0.g million 75-79 

1.0million 

I.~oun~ 

$7.1 million 

~.9 million 

17.2 million 

16.7 million 

26.0 million 

.600 minion 

5.0 million 

I. I million 
1.35 million 

75-79 5.0 mi l l i on  

75-79 bOO .millicn 

h. For all processes ~xcept Syuthane and Hydrame which 

are both totally Federally supported ~hrough the U.S. 

Bureau of Mines, ~he program supported 2/3 by the 

Federal Gover~-ent and i/3 by industrl throug~h the 

American Gas Association. 

e. See Energy R&D Fact Sheets 

A. The cozt of constructing demonstraticn pla.uts is difficult 

to predict since the exact process which will be demon- 

*Plu-~ 50 percent more from AGA. **To be integrated with low-Btu gas 
fixed bed program. 
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strated is not yet .known. The cost of newer programs 

(e.g., Hydrane, Self-Agglomcratir.g Ash and others) are 

more difficult to predict ths.u the costs of the more 

established proGr&.NsJ it is difficult to estimate whether 

f~ture Indust.~" po~ticipation :.~ilI increase beyond the 

~resent one-third level. 

~. Mana~oment Plan 

Synthan and Hydrane wiJ_l be in-house efforts except 

for pilot plant construction and operation. All other 

processes will be by contract to industry, university, 

or private research institute groups. ~nagement in 

each case will be Joint govermment-indust~$, 

N~ n'~mum Program 

!. The Minimum Program consists of the ongoing high Btu 

gas program being carried out within the Department 

of the Interior. It lags the accelerated/orderly 

program by about one year. This consi~tm of all 

~ortions of the Accelerated/Orderly Rrogram except: 

accelerated pilot plant schedule~ H$-drane pilot plant, 

combined shift and methanation reactions, and the 

second demonstration plant. 

2. Cost and Budget Projections 

See Accelerated/Orderly Program: delete funding for 

Hydrane pilot plant, and combined shift and methanation 

reaction, and the second demonstration plant. 
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A maximum program would consist oz the Accelerated/ 

Orderly Program %'!th the change that the demonstration 

program would 5e replaced with the construction of three 

co~ercial (250 m'-'llion cf/day) size facilities. 

Construction would begin July !, 1975. 

2. Cost and Budget Projections 

Add to the cost of the Accelerated/Orderly Program, 

$1.2 billion for the construction of three commercial 

plants and delete $800 million ~thich was alloca~ed 

for the demonstration program. 

Criteria E,-rolpyed By Subpanel in Constr-actin~, Proposed 
R&D Prc~ra~ 

I. Other possible programs considered 

a. Kellogg Company :dolten Sale Gasification Process 

b. Applied Technology Corporation's Atgas Process 

2. Criteria Used in Selecting Proposed Plan 

The proposed plan supports gasification processes which 

have the most promis ~ _ of utlimately centributlng to the 

developmen= of a commercial high Btu gas from coal industry. 

The proposed plan has both short-term objectives for r_he 

developnent of con:-ercial technology and long-term objectives 

for the demonstration of processes on a commercial scale. 

The approach of supporting four (or more) processes on a 

large (80 tpd) pilot plant scale should result in a 

process with the lo~,'est cost and least detrimental effect 

on the environment. Other processes considered were 

judged too costly or too complicated ~o prove successful. 
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C. 

3- Pro~ects of Special Merit 

Projects for which pilot plants are operating or under 

construction. 

E~!ationzhip of Other R&D to Prestress in this Tecbmolog~ 

1 . .  

. 

Successful implementation is not dependent on other 

techno!cgy. 

Cert&in liquefaction ~rocesses that require process 

H 2 depend on the development of an economic H 2 from 

coal process. Delays in the development of a cheap 

hydrogen process may ~elzy certain liquefaction pro- 

~esses. 

E. 

D. AcceRta~ilit y of R&DPro~ram 

i. Environmental impact statements have been filed for 

for pilot plants. Other statements will be needed for 

additional pilot plants end for demonstration plants. 

Other Costs ~ud Benefits of the E~D Program 

I. Potential spin-offs t o  other sectors 

Processes developed in coal haudling amd conversion may 

be applicable to other synthetic fuel pro-~rams, e.g., 

liquid lhlels from co~_l. 

2. Potential uses of facilities and capital earl!merit 

Facilities and c~pital equipment could be used in further 

coal conversion development. 

3. Regret cost if progr~rfailed 

About $600million 

4. Significant termination costs 

None 



-I~- 

VI. Irplezentztion Plan to Folio:: Completion to Successful R&D 
Phases 

A. Direct Benefits of Ir.p!ementation 

I. Natural gas eq=p~nies would supply and market syn- 

thetic gas. Const~-i.ng sectors would be home. heating 

and industr-j. 

2. It is presently estimated that there rill be a 

market for all synthetic natural gas produced in 

the near and mid-term.~ future due to shortages of 

mature/ gas. 

3. Implementation of R&D %%i1 decrease dependence on 

imported natural gas. LNG and prcpane. 

~. A domestic SNG from coal industry- ~il! make the 

U.S. more i~dep~ndent of foreign energy sources. 

5. Gasification actually is less efficient om a Btu 

basis compared with burning the coal. Gasification 

processes are about 60-70 percent efficient. 

B. Proposed Sched~/le for Ir.Dlementation 

i. Present estimated point to: 1.2 trillion year 

cu.ft, by 1985 3.0 trillion year cu.ft, by 1990. 

2. Constraints are: HaD progress, fins_ncing problems 

in obtaining capital, water resource problems in 

strip-minlng an~ strip-mine reclamation. It is 

estimated that some of these censtraints can be 

alleviated; wheth4r they all can be alleviated is 

not yet Pmo%m. 

3. Successful implementation in the icng term would de- 

crease dependence on ~oreign energy for this country. 
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~, Gasification plants would be located in areas 

containing large coal reserves and sufficient 

water resources. Locations would probably also 

be near exlsting natural gas pipeline, In 1970 

the American Gas ~sociation identified 176 sites 

which satisfied the necessary requirement of 

coal and water. Of these sites, 59 were east 

of the N~ssissippi and 97 were west. ~,~ater 

resources and strip-mining restrictions would 

be the most serious limitations. 

5. A large scale coal mining industry will be necessary. 

C. Economics of ~p!ementatipn 

i. Estimated delivery price is $i to $1.10/mi!!ion 

Btu for western coal and $1.30 to $i,~0 for eastern 

bituminous coal. (Assume utility-type financing 

ana i0 percent return on rate base). 

2. If SI~G were used to produce electricity, the price 

of electricity would increase sharply. It is gem- 

erally assumed that SNG from coal %,ili be too 

expensive to use for electrical power generation, 

3. Capital investment will be approximately $4'00 

million for a pls.ut producing 250 million cfd. 

~. Projected impaeZ on labor markets - It is estimated 

that a labor force of about 1,000 will be needed 

for each commercial sized plant. 

5. S)~thetic natural gas will allevi~te imports and 

aid in the balance of ~a)u~ent signific~utly. In 
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1985, the savings in terms of balance of payment 

deficit viii be at least $I billion, and in 1990 

at least $3 billion. 

Assumptions underlying the above projections 

a. Future availability and price of natural resource 

inputs - Coal is generally assumed to be avail- 

able but could be severely restricted depending 

upon loc-~l, state, and Federal strip mining 

regulations. ~ater resources a r e  available 

at many sites but could be a problem in certain 

areas. Coal will cost S0.35/million Btu for deep 

mined bituminous and SO.17/mi!lion Btu for sur- 

face mined western coal. Cost of water resources 

is difficult to predict at this time and will 

vary considerably with location. 

b. Future price of energy - see VI C. 

c. Amortization of RSD added to price? No. 

~. Labor costs - Difficult to estimate at this time. 

e. Costs of capital - Each 250 million cf/day 

plant will cost about Sh00 million. 

f. Date of eomzercial availability -About !980 

g. Use.~ul lifetime and maintenance - 20 years 

h. De-mnd for output and capability for meeting 

demar.d - Present estimates show that demand will 

not be met until at least the year 2000. 

i. Potential Foreign Markets - Domestic demand is 

expected to consume all SNG produced. 
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Institutional Arr~_nt~e-cnts Required for Ymo!ement~tion 

i. Opti=um Govcr.~ent/Private Mix - 2/3 Goverr~ut-1/3 

Industry 

2. Tax incentives and subsidies - 

~Znen Commercial plants are constructed, tax incentives 

and/or guaranteed loans, would help increase number of 

plants being constructed. Aid in obtaining capital 

~-equired vou!d be a significant incentive. 

3. Regulator~, frzme%-ork - 

New re=~Iztory structures are currently being implemented 

by the Y.P. C. 

~. Availability of mzupo:¢er - estimated to be a problem 

because: 

~. Many sites for Ioc~tions are sparsely pop'llated. 

I). Little trained manpo~:er exists for gasification 

~lan%s. Federal e.etions may be needed to develop 

the trained manpo~er needed and to solve the soeio- 

eeo,%or~c problems arising out of rapid development 

of sparsely popu!ate~ areas (housing, schools, e~c., ). 

~. Avmi!ahility of ca_mital 

Federal action may be needed to assure the availability 

of the large ~mounts of capital required. 

6. Envriop~ental Framework 

In a number of cases, the Federal Goverr_~ent will have 

to %~rite the environmental impact statemenz for the pilot 

and demonstration plants. }~en co~.~uercial plants are 

built, the Federal Government can provide assistance in 

%rriting the state,_~ents. 
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VII. 

E. Public ~.ttitudes 

i. Present public attitudes vary greatly. People in the 

east vho need the Gas are in favor of gasification, 

but m~ny vestern groups and conservation groups are 

opposed to the massive strip mining and rater usage 

required for coal gasification plants. 

2. Anticipated changes in attitudes. As the energy crisis 

vorsens, it is likely that general reaction will be less 

hostile to gasification pl~uts. If strip mining reclama- 

tion efforts are successful, there ~-ill be less opposition. 

3. Public Information. Intensive public education viil be 

neede~ to convince many ~cups that gasification and 

associated strip mining can be done in an environmentally 

-scceptable mare.mr. 

Impacts of ~m~!enentation 

A. Nat~a! Resources .we~-~red 

i. Quantities Required 

For a com~.erci-~l scale (~50 million of/day plant) Coal - 

15,000-20,000 tom/day. ~;ater - 10,000 acre-ft/year. 

2. Size and type of available resources: 

I~ple coal is available but ~ater resources may be a 

problem. The American Gas Association has found 176 

sites for full-scale plants ~'here sufi'icient coal and 

~'at er exists. 

3. Competition for these resources from other sectors: 

Possible coTypetition for co~_l pcver plants and coal 
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B. 

liquefactlon ;!s.uts are not expected to be a serious 

problem. 

Legal and regulatory restrictions: 

Strip r~ning resu!ations. Water rights subject to 

various regulations~ especially on Iniia.u lands. 

Ca.oita! Investments: $i,000/!,000 cu.ft, of 6ally 

capacity. 

2. Operation: 15-20,000 tpd of coal/year required. 

Operating cost for a 2~0 million of/day plant is 

$43. ~ million or $0.52/mcf. 

C. .Problems of Comparability ~ith Existin~ National Ener~ 

Very compat abile 

D. Enviror~,m_ta! imps.ors of lmplem.~ntatlon 

Enviror~nental Statements will be needed for demonstration 

plants, and for fullsca!e plant gasification plants will 

be the source of air, water, sm.d solid waste _mollution. 

E. Occupational He.It h and. Safety Consideratlcns 

Mining is ~_no~m to be a dangerous occupation although 

stri~ mining is significantly less dangerous than deep mining. 

Y. Other Factors 

Many areas will be chore.Sod dr~matically. Sparsely po.m,~lated 

areas of the west will be subject to a large influx of people 

and land-use patterns will chaa~.ge radic~,i!y. Rural areas 

m~y become rel~tive!y industrialized. 

Lncr~¢ Inputs Rcc?.'ir~d 

I. 



SECTIOr~ l l I  

Clean Burning Liquids from Coal 



I. 

CLE,%~ BUP~'~L~;G LIQUIDS FRO~4 COAL 

OVERVIE~ 

A. I~RODUCTION 

this research subprogram is directed toward development of economically 

attractive processes for the conversion o f  coal to clear boiler fuel and to 

distillate t}~e material. Alternate processes will be evaluated to establish 

their suitability for coals specific to various geographical areas of the 

country. 

The primary objective of the program is to produce an environmentally 

satisfactory fuel that can be used in the generation of electric power in 

existing plants as ~ell as new plants to be built in the future. The best 

process alternate must be extablished so that coal indigenous to a specific 

region can be used in that region with consequent reduction in demand for 

oil and natural gas. 

B. R&D PROG~4S 

Desc[ietion 

'The m~xi~um rate progr~ is based on ~he construction of four commerci~!- 

scale plants as rapidly as conpietion of detailed engineering will allow. 

Feedback fro~ the ongoing pilot plant projects is included. The plants 

would ]lave a minimum daily output of 100,000 barreis/d~- enchj and ~Duld 

test the following aitern~te systens: (I) direct hydrogenation, [2) 

carboni:ation with h}~rogenation of the resu!zing tar and complete gasi£ica- 

tio~ of char, (3) extraction with and without hydrogen=tion of the extract, 

and [4) gasification followed by Fischer Tropsch or tel&ted type synthesis. 

One of the sbove plants may involve a combination of two of the processes 
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with the final determination to be made as the detailed engineering 

prGcceds. 

The sccond alternate, an "accelerated orderly" pro£ram, is based 

on i~cJiate authori:ation of a modular demonstration plant whose purposed 

is to establish economic as wel! as en~ineerin~ viability of direct 

hydrogenation, carbonization, extraction, and  gasification/liquefaction. 

The ~ini..n~m viable prod=am, wou]d delay a first de',.onstration plant 

to the 197$-80 period with completion of al__~l smaller sca!c l,x)rk 

before n corzitmenz to engineering is made. 

Comparison 

Presuming success in one or more areas, the maximum progr~ will produce 

12 fuil-scalc plan~s by 1985, with each of the 4 original plants expected 

to produce 2 second generation plants. Plant construction costs for this 

proo~ram are of ths order of $3 billion with a 50 percent contribution 

from industry suggested. 

The accelerated alternate progran is expected to produce two co=mercial- 

scale plants b}" 19S5 at a total experimental plant cost of $500 million 

with a 10-20 percent contribution from industry expected. 

The m_~nim,,.m viable program will produce sound engineering data and 

information so that design of cormercial plants could begin by 1985. 

C. I,'.IP L "~,I~2;TAT I ON 

Si ze 

The production o f  clcan liquid fuel frc,.l co-"l will insurc continuting 

dcvelopm.ent of the pot~er industry to =cot national needs. Further process 
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improvement can be expected  to  r educe  p o l l u t a n t  con t en t  o f  the  f u e l  to  t h e  

barest minir.u~ levels. This will iead to broad acceptance in the power 

industry for backfitting to older plants and use in the sophisticated 

advanced power conversion systems £hat will b~ available in the time period. 

Additiona11y, distillate t}~e material will be used to extend supplies of 

demeszic and ~ported crude oil tending toward a national energy self 

sufficiency. These plants will produce b}~roduct pipeline quality cas so 

that the total ~arket penetration by the year 2000 is expected to be one 

third of the total energy consumption oft he United States. 

Schedule 

Subsequent to 198S we would anticipate the addition of about a trillion 

feet of gas and 300-400 million barrels of oil per year added to the 

~ynthetic fuel capacity of the country. 

Potential Barriers 

The financial requirements for the development of this industry are 

astronomical and funding for the plants is expected to be a problem. In the 

near term, engineering construction capability may well limit our national 

ability to b u i l d  the plants. Natural resources are sufficient to meet the 

expected demand, hut public acceptnnce of the necessary mining ventures will 

be necesszry 5efare general acceptance of s)~thetic fuel from coal is possible. 

Contrary to popular press opinion, water will not prevent or limit growth of 

the industry. 

STATUS OF TECIIXOI.OGY 

A. PP, ESIZ',"I " 

Conversion o f  coa l  to  l i q u i d s  and gas has a long h i s t o r y  back t o  t h e  t u r n  

of the century or thereabouts. Additionally: periodic upsets in the 
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availability of oil and gas both here and abroad led to ups and do~s in 

domestic and foreign research d~rected toward altcrnate coal conversion 

systems. As a result of this past l~ork, the technolosical features of all 

processes are ?:ell established and variations in the features to produce 

lowest net preduct cost is the only feature that must be determined as a 

result o£ th~ program. 

Alternate processes are available with 5 broad background of research 

and development behind them. Inplementstion must await the determination o£ 

which of the processes are the most economic in the various geographic areas of 

the nation, with emphasis on the coal locally available and the regional 

energy markets to be served. 

I I I .  

Current ~D 

Current funding in coal liquefaction research is approximately SZO million 

per year. Each major coal liquefaction process is now, and has been, under 

investigatiGn by various organizations t;ithin the public and private sectors. 

Principal efforts, in the recent past, have been funded by Interior Department's 

Office of Coal Research with major coal, oil and independent research 

organizations. The funds have been almost exclusively public funds, but 

current programs contemplate industrial participation at a minimum one third 

for all future projects. 

RATICNALE FOR FEDEraL I~:OLVE~!ENT 

The develop=ent of national resources is clearly in the public's interest, 

but commercial companies cannot undertake to produce a liquid fuel from coal 

with all the attendant risks until the price cf oil from the Middle East can 

be clearly established. I t  is suggested, therefore, that the magitude of 
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this risk coupied with the ability of producing oil for less than 50¢/bawrel 

in the Niddl~ East clearly dictates Federal involvement as soon as possible 

to assurc availability of an enviror,uentalIy satisfactory fuel at the earliest 

possible date. 

Alternatives can be offered to industry by providing Government purchase of 

the plant products at cost plus a normal profit margin. Another variation 

might provide lo1¢ interest loans and/or rapid tax ;,Tire-ells for synthetic 

fuel plants. SL~ilar results might be achieved by imposition of import duty 

on fore~&-n oil after some given total annual vol~me. It is suggested that 

industry must have some way of protecting their massive investments in these 

plants from cost reductions that are possible to the  ~Iiddle Eastern oil rich 

nations. To insure rapid developmen~ of the industry, the Government should 

support appropriate state and national legislation to establish strip mine 

regulations and normally competing industries should be sllowed joint ventures 

without being subject to antitrust prosecution. 

0BJECTIVES, CRITHRIA ~ PRIOR~TIHS 

A. DISCUSSION 

The objcctive of this subprogram is to reduce to a commerical practicality one 

or more environmentally eccept~o!e methods for converting coal to a clean 

liquid fuel. The processes or methods employed must be adaptable to a broad 

spectrum of coal ranging from lignite to high vol~ile, high sulfur coal wi~1 

thQ primary emphusis on high sulfur bituminous coal. 

~ancillory objective to the above goal is the development of all technology 

needed tc establish a coal liquefaction industry subject to all environmental 
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controls and regulations. Acceleration of commerical scale development is 

sought by constructing one or more coal liquefaction plants of commercial 

or demonstration plant size. 

B. CRITERIA 

This subprogram has a high priority Since it attacks the core of the energy 

dilemm.a currently facing the nation by convertin~ high sulfur environmentally 

unacceptable coal to low sulfur environ~.entally acceptable liquid or solid. 

Pressure for use of natural gas and oil ~ill be lessened. Reduction of sulfur, 

in coal, is a less rigorous problem than conversion, of coal, to distillate and 

this is the first clement of the subprogram. Additionally, this subprogram is 

an outgro~:th and continuation of existing programs and will maximize the 

~tilization of the existing coal pilot plants. Non-federal funding is currently 

available and additional funds are expected as the program proceeds. Total 

non-federal par:icipation will be one third or greater. 

ALTE~:ATIVE R~D P~0G.R~IS 

A. Project Milestones are listed on the budget fact sheets for the three 

program levels. 

Total cost for m&xim~m program is $3.00 billion for four [4) full scale plants, 

each %dll have a capacity of 10D,000 barrels of liquid product per day. $500.0 

million will be devoted to the subproject Pilot Plant Program. Each plant ready 

for produc:ion will cost $750.0 million. These costs should be 50~ gover~nment - 

50% industry. The accelerated orderly program provides for construction of a 

modular demonstration plant with a total estimation cost of $500.0 million. 

Additional Pilot Plant work - totalling $250.0 mill/on is provided. 

Costs re be spllt 80 percent government, 20% industry. 
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The minimum program delays construction of any large scale plants but in- 

eludes all Pilot Plant work deemed necessary. Cost 90% government~ 10% 

industry. 

Industry funding could be provi6ed by offering incenti%'es to industry. 

Alternately, punitive measures ~ou!d be used, tax on sulfur, a unit change 

to be applied by the goverr=en~ to energy research, etc. 

The primary proDlem will be raising the industry contribution. If $2.0 to 

$3.0 Billion is =o be spent~ the industry share will fall between $650.0 

milli~n a=d @1.5 billion.. Industry is not expected to produce the type of 

fundiug without a spur of some sort. 

Construction of four major plants required %n the maximum rate plan%'ill 

strain the construcuion capacity of major engineeri~ E firms. New coal 

mines are an additional potential problem. In each case manpower needs 

may be limiting. 

At the three levels of funding the major portion of the work will be con- 

duct~d in private industry. Goverr~ent labs and the National iabs will 

Be utilized as well. 

As viewed by the panel~ the production of clean burning liquids is a vital 

part of a national program. The national program should include the other 

alternatives, such as Lo&Hi BZu gas, stack gas cleaning, etc. 

This program is reasonably self contained but anticipates input from gasi- 

fication znd from resource assessment and mining. 



I:.~LDIENTATION 

Industry 
Coal 

OUTPUT 

SRC 

Boiler Fuel 

Hotor Fuel 

PJpellne Gas 

LPG 

Elec. Power 

ECONOMICS 

(I) Acc/ord 
33 x 106 TPY 

1985 

(2) Max 
396 x 106 TPY 

6.8 x 106 TPY 

19.8 x 106 BPY 

13.2 x 106 BPY 

132 x 109 CFPY 

8.0 x 106 BPY 

Ii x 109 ~Y 

82 x 106 TPY 

238 x 106 BPY 

158 x 106 BPY 

1584 x 109 CFPY 

95 x I06 BPY 

131 x 109 KNt~Y 

(USING 1970 DOLLARS) 

• Capital $850 x 106 $10.2 ~ 109 
Raw Haterlals 

Coal 35¢/mm Btu 35C 
Products 

SRC 75¢ " 75¢ 

Boiler Fuel 80¢ " 80¢ 

Motor Fuel I00¢ " i00¢ 

.Pipeline Gas 95¢ " 95¢ 

LPG 90¢ " 90¢ 

POWER 8mils/K~l 8 

2000 

(3) Acc/ord 
33 x 106 TPY 

82 x I06 TPY 

238 x 106 BPY 

158 x 106 BPY 

1584 x 109 CFPY 

95 x 106 BPY 

131 x 109 ~alPY 

.L 

~'10.2 x 109 

35¢ 

75¢ 

80¢ 

100¢ 

95¢ 

90¢ 
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2.31 x 109 TPY 

490 x 106 TPY 

1386 x 106 TPY 

924 x 106 TPY 

9240 x 109 CFPY 

560 x 106 BPY 

770 x 109 K~Y 

$59.5 x 109 

35¢ 

750 

80¢ 

100¢ 

95¢ 

90¢ 
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Delay in this sub-program could well contribute to a major energy "Crisis" 

in the Ig80-85 period. 

VI. 

VII. 

I~2L~E~TATION 

B &___~C: Both the maximum and orderly program will produce measurable re- 

sults by 1985. Estimates are: ( c o n t i n u e d  on nex t  page)  

A. Resources (see above) 

B. Capital (see above) 

C. All products are compatible with and interchangeable with todays 

products. 

C. Mining and plant products must be covered in the environmental impact 

statemena. 



SECTIOII IV 

Oil Shale Processing and Development 



OIL SHALE PROCESSING 

II. STATUS OF T}LE TECHNOLOGY 

Two major options are being considered for oil shale development; 

(I) minlmg follo~,ed by surface processing of the oil shale and shale 

oil~ and (2) in situ (in-place) processing. Of the two options, only 

the mini~gsurfaee processing approach is believed to have been advanced 

to the pQint where it may be possible To scale-up to commercial produc- 

tion in this decade. In situ processing is in =he experimental phase; 

cemmercEal application of this technique is not ~xpected prior to 1980. 

The rel~tive sta~e of knowledge of the various operations required in 

I i! oil shale processing is sho%m in ~igure .--" It is apparent from this 

figure that various technical approaches are available for each phase of 

=he operations~ and no single system is likely to dominate the initial 

development of oll shale. 

The most critical technical challenge in surface processing is that 

of raising oil shale to the pyrolysis temperature of 900°F. Several sys- 

tems here been tested at the pilot level; the organization and level 

• tested are given below: 

Bureau of Mines - 150 tons/day (i950's) 

Union Oil Company - 1~000 tons~day (1950's) 

Colony Development Operetion - 1,000 tons/day (late 
1960's =b_rough 1972) 

Petrobras (Brazil) - 2,500 tons/day (1973) 

I__/ ~ost of the refining operations shown in Figure i would be per- 
formed outside of the oil shale region s at refinery centers near 
markets for ~he products. 
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Scale-up to I0,000 tons/day for each retort is needed to 3chleve 

commercial level production. Based on the past oil-shale experience and 

large-scale deve!opmen~ in similar industries, achievement of commercial 

production should not prove an insu.~-mountab!e problem and is well within 

the capability of private industry to undertake. 

~arr~ers t~ ImDlementatlon of Technolo~v--~roduction, once undertaken, is 

not expected to increase rapidly under normal circumstances. This con- 

r 

Clusion iS based not on technology, but on the risks inherent in pioneer 

minerals development where second generation operators ere often more 

successful than ghe pioneer resource development company. The reasons 

for this are many, but relate directly to greater amounts of technical 

and operating inform.ation, proven mining and processing systems, estab- 

lished environmental controls and procedures, availability of specialized 

equipment, and the possible availability of trained personnel. It must 

be recognized also tha~ initial development of oil shale is expected to 

be only marginally attractive economically, i0 to 13 percent on a dis- 

counted cash floe basis, on investments ~hac would approximate $5,000 for 

each daily barrel of capacity. Thus, the smallest commercial complex, 

50,000 barrels per day, would cost $250 million or more. 

Future ~:pec=atiens concerning production costs, oil prices, the 

general s~ate of the economy, and the availability and cost of capital 

will establish the economic parameters that must be considered by pri- 

vate industry. If, in combination, these are judged to be favorable, 

oi~ shale development may be initiated. However, development would 

probably be limited to a few plants by 1985 due to the economic 



risks Inherent in pioneering development. Thus, under normal develop- 

ment, shale oil production might be iLmited to 100,000 to 250,000 barrels 

per day bb" 1985. 

It is possible to accelerate this development and, considering the 

normal cous/raints of manpower and construction, production could approxi- 

mate 750,000 to 1,000,000 barrels per day by 1985. Under emergency 

development characterized by wartime conditions, this rate may be accel- 

erated to 1.3 to 1,5 million barrels per 4ay by 1985. The strategy of 

accelerated oil shale development does not lie w~th technology, hut rather 

is tied to ways of reducing or r~moving the economic risk involved in 

initial development. Means to achieve this accelerated development are 

available and are considered in Section V below under "alternatives." 

Ongeing R&D-- 

Public R&D--Current oil shale research by the Federal Government 

approximates $2.5 million and is distributed he~¢een the Bureau of Mines 

and Geological Survey as sho-~n in Table i. The Bureau of Mines program 

emphasizes in situ processing of oil shale (about one-half of the total) 

' and basic-oriented activities while that of the Geological Survey is 

focused on the nature of the resource and hydrologic investigations. 

A series of field experiments has been underway by the Bureau of 

Mines for several years near Rock Springs, Wyoming, studying methods of 

fracturing and retorting the Tipton }lemher of the Green River formation. 

The interval of 25 gallon-per-~on maEerial is about 20- to 40-feet thick 

and under from 50 to 400 feet of overburden at various locations in the 

test area, 
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Table 1 Current. Oil Shale Rasaa~ch 

Dep~r,t~ent .Sol the interior 

Bureau of }lines 
In Situ Re~or~ng - Field 
In Situ ~e~or~in~ - Ouher 
Production of Clean Fuels 
?recess Variations and Produczs 
Evaluation o~ Oil Sl=aies 

Subtotal 

Geologic Survey 
Resource inves.'iga~ions 
l{ydroio?,ic Research 

Subuoeal 

FY 1974 Funds 
(~housand dollars) 

361 
656" 
301 
441 
31_____! 

2~072 

321 
zs0 
471 

TOTAL 

Col~rado Oil Shale Ezvirozmenzal ?lannJn~ (COSEP) Seudv 

2,543 

~'.avirour~ental Inven¢ory and l,-np~=et 
(direct: i~,.paczs of indusZrial 
6evelopment) 

Cos~ 

$160,000 

Comp!ation 
Da=e 

7/31171~ 

.~¢a;:cr Resources ;'lana~em~.nt 
(Surface and subsurfa:.e -:a~er 
reso,lrce and impact s~u/y} 

Revczetanion and Su:'face F.chabili- 
ration (Spe.n~ sha-e dispoa2.1 and 
reve~.etation ~e=hniques) 

~egional Develop:::en: and Land Use 
piannJn K (invc,~ao;y cxlsnlzg 
co,~u~ni~ics and !and use and 
developed ai~ernaaa ~row~h pa~£erns) 

280,000 

130,000 

145,000 

6130174 

12/31/74 

Zl zi74 



Varlcus methods of fracturing--hydraulic pressure, chemical explo- 

sive:;, and electricity--are being tested. Chemical explosives have been 

used both in liquid form, for detonation after being forced into natu- 

rally occuzring Dr artificially-created fractures, and in pelletized 

solid form for detonation in well bores. A combination of techniques 

was used to obtain fracturing at a depth of about 75 feet in a small 

five-s;ct pattern which was then ignited for a combustion test in which 

about 190 barrels of oil were produced. A larger underground recovery 

test, covering about three acres, and at a depth of about 125 feet, 

achieved only limited success due =u insufficient exposure of surface 

area. Another site is being prepared for in situ processing ~nd combus- 

tion is to be iniKiated in FI" 1974. 

A number of studies are under~ay in support of this field experi- 

mentation. ~=ong these are the operation of two rather large retorts, 

with nominal capacities of i0 and 150 tons, in which problems such as 

the rezort~ng of random-sized pieces of shale, the mini.nu.~ surface area 

required for the combustion needed to furnish the heat for retorting, 

and rates of retorting can be studied. .More fundamental studies are 

concerned ~ith effects of oxygen on oil shal~ at subretorting tempera- 

tures, mechanisms of transporting oil out of the shale particleE, and 

the effects of pressure on the retorting process. 

It appears that hydrotrea=&ng of some shale oil fractions will be 

required ~o Ioucr shale oil nitrogen contents t o  acceptable levels for 

processing by certain refining methods such as catalytic cracking. 

Consequently, the Bureau is conducting a small-scale research project 



concerned with shale-oll hydrogenation. Research is also being conduczed 

to determine how compositions of oils produced by this technique may com- 

pare ~ith those from aboveground retorting. 

Recognizing that the production of shale oil will have to be done 

without significant environmental degradation, some of the newer projects 

of ~he Bureau of Nines are concerned with environmental problems, prin- 

cipally re!arid to contaminated waters and the composition of low Btu 

produced during re~ortin~. 

The Bureau's Denver l.~ining Research Con=or currently has a small 

cooperative effort with the Colony Development Operation where research 

in ~ock mechanics rela~ing to design and stability of mine openings is 

beiu~ done. This effort is not funded under the oil-shale budget but is 

a part of a research program of a more genera~ nature. The Denver Center 

also has contracted for a study of the current state of the art of mining 

oil shale including a lis~in g of what appears to be problem areas requir- 

ing research. 

The U.S. Geological Survey is active in geologic studies relating 

to location, grade, gaologic setting, hydrology, associated minerals, 

and similar considerations for oil shales in the United States. ~pping 

and repor=ing are integral phases of this effor~ which currently is 

costing about $500,000 per year. Other Governmant agencies are s~udying 

possible environmental and other social effects of an impending oil-shale 

industry in Culorado, Utah, and Wyoming. These studies are largely 

non-experimental in nature and parts of larger activities, the largest 

of which is the Colorado Oil Shale Environ.mental Planning Studies (COSEP). 
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Yhe COSEP studies are aimed at four areas: (I) revegetation and 

surface rehabilitation; (2) enviro;Imental inventory and impact; (3) water 

resource management; and (4) regional development and land use planning. 

The estimated cost and completion date for each is given in Table i. 

Though the studies are being conducted specifically for Colorado's 

Piceance Creek Basin, much of the information developed will be applicable 

to development in Utah and IJycming. It is expected that these studies, 

in which the Depart~ent of the Interior is an active participant, will 

provide add!Eional information which will assist in efforts to mitigate 

environ~nental damage. Each of the four Colorado studies is scheduled for 

completion before 1975. 

Private R&D--The major current industrial effort has been the research 

by Colony Development Opera~ion, a joint venture involving The Oil Shale 

Corporation, Standard Oil of Ohio, Cleveland-Cliffs Mining, and, most 

recently, Atlantic Richfield. After termi--ation of the original research 

program by Colony in the late 1960's, Atlantlc Richfield Oil Company pur- 

chased a 10 percent interest from each of the three previous Colony mem- 

bers and was named project manager. 
| 

The Colony mine is a edit (horizontal) entry mine into the t-~hogany 

Ledge shale beds. Mining capability probably exceeds 1,000 tons per day. 

The plant features The Oil Shale Corporations's TOSCO II retort and is 

reported to have a capacity of about 1,000 tens of shale per day. Both 

mine and plant were operated intermittently for a time and then were in 

essentially continuous operation for several months prior to shutdown of 

the plane in late April 1972. Operations are reported to have been pri- 

marily concerned with retorting with little effort on mining, althoagh 



over I million tons of oil shale have been mined since 1965. Boa:ever, 

~n recognition ef minin~ problems encountered during the most recent 

period of production~ Colony is keeping the mine open to conduct several 

phases of mining research. Considerable research also has been done by 

Colony on eneiro~ental aspects of oil-shale operations, particularly in 

regard ~o stabilizing and vegetating spent shale deposits and in the 

socioeconomic aspects of oil shale development. 

Public releases state that Colony's research ~esults are being 

evaluated for the purpose of determinin~ a future course of action. The 

forthcoming decision, expected in the near future~ presumably will be 

whether or not to expand the present pilot operation to a comEercial 

opera~ion of some 50,000 barrels of oil per day. 

Colony's E&D expenditures since Atlantic Richfield joined the group 

in 1969 have been stated to approximate $23.5 mi!licn; including the 

earlier experimentation, costs reportedly total about $55 million. 

Also of curren~ interest, Development EngineerinE, Inc.~ a Denver 

consulting firm, recently ].eased the ~uraau of Mines experimental oil- 

shale facili=y near Rifle, Colorado, for.research on retorting and 

related environmental considerations. This program is scheduled over a 

five-year term a~ a minimum cost of $2.5 million; the reEor~ to 5e inves- 

tigated is a modification of the Bureau's gas-combustion system. 

Other recent industrial R&D activity of notable size has been con- 

cerned principally with in situ production. A three-year program was 

started in 1970 by Shell Oil Company to ~est a patented process for the 

extraction of shale oll by ho~ miscible fluids containing solubilizing 

agents such as hydrogen sulfide. Results and costs have not been publicized. 



A combina:ion of underground mining and in situ retorting is also 

being tested. This concept visualizes development of a strata of shale 

wlth suitable thickness of both in-place shale and overburden. Approxi- 

mately 25 percent of the in-place shale would be mined by the room-and- 

pillar method, and transported aboveground for conventional surface 

retorting. The reua~nder vould 5e fragmented, possibly by inducing falls 

using conventional explosives, to fill the mined-out voids and thus pre- 

pare a bed amenable to subsequen= in situ retorting featuring either 

combustion or hot gas circulation heating methods. The initial test of 

this concept is now (1973) ~nderway by Occidental Petroleum Corporation 

at a location near Debeque, Colorado. No info[mation has been released 

on the results, but the test is kno%m to involve direct combustion of the 

oil shale following explosive fracturing. 

Many other companies continue studies and probably actual research 

activities on oil shale as indicated by an increasing flow of patents 

covering various aspects of oil shale technology; however, no informa- 

tion as to the scope and cost of these activities is available. 

llI. RATIOIL%L FOR FEDErAl IA~OLV~[--~{T 

Except for in situ and minerals processing, which are still in their 

infancy, Goverr~ent involvement in oil shale processing technology is not 

believed to De needed. Rather, the principal role of Government is to 

provide the support work required to assure that this industry develops 

i~ a way that is en%'ironzentally acceptable, the elements of such a pro- 

gram are considered in the section which follows. 
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However, normal evolution of th~s new industry may require i0 or 

more years for the reasons discussed in part II above. Without Govern- 

ment ~volvemen=, substantial quantities of shale oil would not be 

available until after 1985. Therefore, it is considered necessary to 

accelerate oil shale development using the strategy outlined in Section V 

below. 

IV. OBJECTIVES, C~ITERIA, A~D PRIORITIES 

Oil shale research proposals have been distribu~e~ to various groups 

for review and recommendation. To place these in perspective, this panel 

has compiled a list of research needs related to oll shale development. 

This list, Table 2, necessarily overlaps The activities that will be 

suggested by several other pa~els, but is presented here to expedite the 

development of an integrated oil shale research program. 

In essence, the pcineipal activities relate those that will support 

commercial scale production; hhe first plant is expected to be on stream 

within the next 3 to 5 years. These activities include: (I) Solid 

waste management; (2) revegetation; (3) water management; and (4) fish 

and wildlife protection. Development of deep mine technology is needed, 

but it is ~=clear if.~h~s shoul~ .be a Government effort. The leasing 

of tract C-b in bolora~o under the Department of the Interior's proto- 

type oil shale leasing program is expected to lead to the development of 

deep mine technology by private industry. In si=u processing and min- 

erals recover}- technology can and should be accelerated with Federal funds. 

The cost of this program will appear in separate reports by other 

panels, but the ~o~al is ~pected to approximate $25 million per year. 

ll 



Table. 2 Research Needs Related to Oil Shale Development 

Solid :$asae ~ a m e m e n t  

Objectlve: Insure ;ile stabilit': 

Variable~: Particle size, carbon content, degree of zompaction, 
degree of cementation, che:::icai stabilization, water 
recovery from spent shnle ~iurrius; height of pile, 
angle of repose, charac~erlstics of foundation material. 

Objective: Control erosion/leaching 

VariaSi~s: 2~ouzt and types of =a=erials as a function of particle 
size, resi/ual carbon ang z:oisture, degree of compaction; 
cementation. 

ReveBetazlon 

Objective: Create nutrient and topsoil structure 

Variables: Particle size; carbon content; fertilization; topsozl/ 
overburden addition; moisture control (mulching/irrigation). 

0bjec=ive: Determine optimum species composition 

Variables: Grasses; native brovsa and cover (mountain mahogany, 
shagbush, 5i~er brush); location. 

Water X~na~e~ent 

Obj ec =ire : 

Variables : 

Develop regional hydrologic modal 

Aquifer charac=eriszics; connections between aquifers; 
direction and rage of water ~,~ovement; aquifer head; 
chemical quallzy and variauion acros~ region; points/ 
m~oun= of d~s=harge; rela~ior:ship beSween ground and 
surface w~Zer and a~:oun= of recharge. 

O5~ectSve: Develop water management system. 

Variables: ?~ount/<da!ity of ~ater needed; response of hydrologic 
regime t~ ground ~az-.r~ ~:~t::drawal; relnjection of excess 
water or o~her ~eans of n:anagcment. 
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Table 2 Research " ; ~,ee,.s Rela=ed to Oil Shale Development (Continued) 

~ildlifc Pro~ectien 

Objective: Increase carz'ylng capacity of off-site areas 

Variables : Selective clearing of pinion-juniper, fertilize=ion, 
soil szruc=ure mixln Z (topsoil, subsoil, etc.), and 
planting to s=imula=a bro:~sa species; protection of 
sprinss, and managemenn of livcs=ock grazing in 
critical wildlife areas. 

Oh~ecLive: To assess i~pac~ of deveiopmcnt and use results to 
indicate fauna i~pac=s 

Variables: Construction and operation of facilities and ancillary 
urban development and the effect o~ these, including 
salinity increases: on changes in life history pa~terns, 
!ocazlon, and abundanae of key ~iid!ife species such as 
the mule deer. This will require additional ecological 
research on specific habitat uses and habitat needs. 

Deep "': " ~,~nZ Tcehno!ogx 

Object ive: Develop nechno!ogy zhat will permi= maximum extraction 
of (1) the Nahog=nv zone and (2) ~he lower oil shale 
zones in the ~;aEer-bearin~ areas of t~e Ymceance Creek 
in Colorado 

Note: This is the objective of leasing Tract C-b under 
' the Department's Prototype Oil Shale Leasing 

Program. 

Variables: Characteristic of tPe deposit, including degree of 
fracturing; amount, quality and mordent o f  water; 
means of ground con=r6i; =echn!ques of underground 
disposal of solid was~es. 

In Situ Processin~ 

ObjecLiv=; Accelerate the race of development (for liquid products) 
to poin= of commercial application By the early 1980's 

Variables : Charac~oris=ie and depzh of deposit~ water; means of 
hearing including direct combustion and indirect heating 
By hot gases; means of fraeturing~ control of process. 

Objective: 

Variables: 

Produce gaseous products from oil shale and shale oil 

Heat and rate of transfer, e.g., must Be higher than 
those used to produce a liquid product; otherwise, 
variables same as those listed above. 
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Table 2 Research Needs Related ~o Oil Shale Development (Continued) 

Minerals Prccc~sin~ 

Objective: Develop economic process =o recover alumina and soda 
ash from processed oil shale 

Variables: Concen=ra~ion of nahcolite and dawsonite; prior treat- 
ment of oii sheZe; leecha=es; water required and 
quality, including recycled effluent streams; 
envircnmenEal controls. 
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V. ALTERNATIVE R&D PROG~%~IS 

The role of g=vern=ent in oil shale devglopment should he reassessed 

over the next 6 to i2 zonths. A clear indication must be given that pri- 

vate industry is prepared to move forward with development. Should this 

tot be forthcoming, steps should be taken to expedite the development of 

this resource. This would not necessarily take the form of Government R&D, 

but incentives that would reduce the economic risk inherent in an}- new 

capital-intensive deve!opzen~. 

Three levels of activity are possible, depending on ~he perceived 

meed for liquids from oil shale as compared to the environmental costs 

which have not yet been fully defined. In terms of the definitions given 

for this analysis, the expected output by 1985 for each level of activity 

is given belong: 

1985 Expected Shale 0il Production, 
Program Hi%li0n Earrels Per D@y 

Minimum 0.!00 to 0.250 
Accelerated/0rderly 0.750 to 1.000 
}~_ximum 1.300 to 1.500 

$ubsequen~ sections of this section discuss each program and possible 

s~ra~g~es. 

F~'n~mum Program--This progr~ has been describe~ immediately above. The 

research needs relate primarily to ways of mitigating environmental damage, 

e.g., research is needed in techniques of solid waste management, revege- 

tatioR, water managzmenE~ and ~.~Idlife protection. Technology must also 

be developed ~o extract oil shale from the deep zones found on public 

~or~ on in si=u processing should be accelerated to develop a lands, and , ~" 
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viabZe option ~o surface processing. In addition, supplemental funding 

and staff to resolve present mineral title conflicts is necessary to 

assure continued availability of lands for development. 

Under the normal evolutionary process of new ~echnology development, 

this program would lead to no more than i00,000 to 250,000 barrels of 

shale oil per day by 1985. This panel believes this tale of progress is 

unacceptable considering the advanced stage of oil shale technology, 

the enormous resource base of 600 billion barrels contained in the high- 

zrade deposits, and the Nation's current and future needs for oil. 

Accordingly, we have framed possible alternative programs that are 

designed to accelerate such development. These are considered below. 

Accelerated~Orderly Program--This program is aimed at incentives needed 

to szimulate the construction of 3 to 5 commercial oil shale plm~ts in 

this decade. Based on this experience, application of second generation 

technology should enable large scale development to occur after 1980, 

reaching 750,000 to 1,000,000 barrels per day by 1985. 

Development under this program is expected to be constrained oniy 

by those factors that relate directly ho construction: (i) plant design, 

(2) engineering and construction, and (3) caFability ~o supply heavy 

mL~e and plant equipment. From analyses prepared by the National 

Petroleum Council and the Department of the Interior, the hiring and 

training of operating personnel, construction of plants and supporting 

urban facilities, and purchase and delivery of equipment from distant 

supply cen~ers are the key ingredients to be considered. 
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Economic Incentives--Involvemen~ by the Federal Government can take many 

forms, but support of product prices and/or guaranteed, nonrecourse loans 

would s~gnificantly enhance the economic viability of the initial oil 

shale plan~s. This involvement is not recommerded for other than the 

initial plants since oil shale should be allowed to compete by itself with 

other supply options. The objective of this program is to provide those 

~ncentives necessary to move rapidly through initial development. 

Price Su~?zrt--This proposal would provide price stability for liquids 

produced from oil shale or other energy sources. 

To implement such a demonstration program, the ~overnment would 

announce in the Federal Register its willingness to entertain proposals 

whereby clean-burning solid, liquid~ and/or gaseous fuels would be pro- 

duced domestically in commercial quantities by processes not now commer- 

cial. The Government would indicate its willingness to make !ong-term 

negotiated contracts a= least probable ultimate net cost, guaranteeing 

to buy the output of speci~±ed new domestic plants or modified idle 

domestic ~lants if such on=put could not be otherwise sold at the supper= 

,price. Such co~tracts would contain detailed specifications covering the 

product to be bought, including app=opriate premiums and penalties. 

Representativm technologies sought, the range of product specifications, 

and the range of Froduc~ prices to be considered in negotiations ~ould 

be made public in a@vance of any negotiations. A cutoff date for ~nitial 

filing of proposals would be specified. All long-term contracts would 

contain provisions whereby the Government could terminate the contract 

by paying the undepreciated (or unamortized) cos~ of the facility, thus 
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that ~&ll af£eat the rate of return for oil shale developmen=, the results 

of which are displayed in Table 3. As compared to the base conditions, 

changes in bonus payments, royalty rates, and depletion will have only 

small effects on ~he rate of return. Increases in the price of oil and 

expensin S as a means of depreciation would s£gnifieantly increase the 

return to be expected. However, a significant economic stimulus would 

be to finance the plant, in part, by funds borrowed at an in~eres= rate 

below the overall yield of the project. This could be accomplished by 

Government-guarantee6 loans tha~ can also be made more flexible in interest 

rate and repa}~ent schedule than those that may be obtained through more 

normal channels, it is of interest to ~ote in Table 3 that money at 

3 percent only increases ~he overall rate of return to 23.3S percent as 

compared to the 22.04 percent zealized from 6 percent money. Th,as, the 

econo=ic impact is due ~o the ability to raise capital outside the equity 

market and not ~he ra~e charged on such borrowed capital. However, low 

cost loans will incur large front end investments and, therefore, Con- 

gress~onal appropriations. By contrast, the price stability program 

°rests on borrowing authority %¢nich does not require Congressional 

approval. Additionally, political support of possible undesirable, low 

priority projects, would probably also occur. However, this can largely 

be offset by requiring large inves~a..ents by the private seccor~ in the 

case of oil shale or coal conversion, this ~¢ould total several hundred 

million dollars for each plant to be constructed. For these reasons, 

the loan course of action is not as desirable as the price stability 

approach described above, ~ut is a feasible option. 
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Table 3 Ea~ of .~e£~:r;~ u;;.ler d;ff,,rin~ assu:;?~ion= - Oil .,,,,.~=e'-': Pl~:na 

]; :.~ e. Ca~e: :':i~-e $& 

~a=e c f  rc~urn 1 2 . 0 3 .  

Deple.-ion lS~ 
Deprec ::ulon 150% 
Loan - zero 

:{:ira Of 

~e t%;r.% 7. "" .... 

$3 6.~] - 47 
4 (oas-_- z 12 .03 0 
5 15.29 + 52 

~=z of 

i0% 11.37 - 6 
15% ..~".03 0 
22Z 12.36 + 3 

P~.-e of 
~c:~_t s " Re=urn % C"r.n'j e 

$i5 , ~  ii.34 - 6 

15 Y'~ (5 y r  
s p r e c d )  il.&6 - 5 

11.78 - 2 

5 :;~ (5 y r  
gpre;~d) 11.82 - 2 

0 ( b a s e )  12 .03  0 

R a : e  of 
~ov~!tv Return Z Change . 

! 

$0.34 10.99 - 9 
0.17 ( b a s ~ )  12.03 0 

0.C0 12.98 + 8. 

• I 

Rate of 
Deprec!az~on R~=zurn 

str.-iine Ii,71 - 3 

15OZ (base) 12.03 0 

200E 12.33 + 3 

7Z ~ax 12.52 + 4" 
eredi,- 

5 y r  (except 13.37 + ii 
mine) 

Expensing 18.70 + 55 

Rats o~ 
Loan Re~u~--a % Change 

0 (ba~e) 12.03 0 
50% of capltal..22.0~ -~ +83 

@ 6% 
50 Z of eapiza! 23.36 + 94 

@ 3Z 

BASIC ASS~r.';PTiO,~S , . 
- . o  

Di.<co~:;::ed c~,sk f2o': rate ~-f ret,'.rn ~s ,~ased on: 1O0,G00 ~=~.:.-:" '~=.. ..... .<~.':.~,, 
oli plc.r.= u~'-'.-.~ reom-m.:"--.~iiiar, r.ln. =: and f~rs= generaclon gc.s co-~us;~cn 65' 
rc.rcr= ~-.g .<:a-,~_ a= 30 g,:i./=or.; ca.=" $356.5 =:illlon, c;pl.'.allzeg; o.:,era=~r.$ 
$C3. i ":;/yr::orkir.g ea'Ji~.:i $38.6 ...,,v:" Saaae iace::e "a:-:~. e=- 5:"., Federal 4311, 
¢:~;'eci~;~cn. " c;" r..=r.e" :.G ":,- -r.~, retd..". ,,.,,'--: ref';.,.~ry 16, usefu: i:-'~e of r..ine 
IG year~, re,or.- and rc:flnc-ry 20, dcple,-ion no= =o exceed 50% of ne:; pric-~ 

o.~ a-£ b~'pro.~ue=s. 
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Legislation--If an oil shale industry is to expand to 1 million or more 

barrels per day, public lands will be required in addition to the six 

tracts considered under the Department of the Interior's prototype oil 

shale leasing program. The present limitation of 5,120 acres total must 

be eliminated to assure a scale of operation commensurate with future 

needs. InLerior's proposal to Congress has been to increase holdings to 

10,240 acres in any one State. However, this would probably still limit 

future opera=ions by any single company. Therefore, to provide future 

flexibility, the limit could be based on a recoverable reserve of 1.5 

billion tons of 30 gallon per ton oil s~hale per lessee. However, a pro- 

vision should ~e added that when a lease is actually being developed, the 

acreage limitation on that lease should be removed. The company would 

then be in a position to plan for future development. 

Another desirable legislative action includes provisions for mineral 

exchanges on an equitable basis. Although thls can presently be accom- 

plished under the Taylo~ Grazing Act, the provisions of that Act are not 

designed to accommodate the special problems involved in the establish- 

'merit of mineral values for exchanges. The complex mineral ownership 

patterns in the oil shale area are the basis for this recommendation. 

lagisla~ion to assure lessee rights to adequate land use of offslte 

areas for roads, utilities, and disposal sites is presently provided 

under Special Land Use Permits. These permits are general in nature 

and do not recognize many of the special requirements that will accompany 

oil shale development. Clarifying legislation to assure these rights 

will be necessary to accommodate a ma~urc industry if development is to 

be accomplished rapidly. 
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Haxi~um Prog ram- -Th i s  program would r e q u i r e  the  proposed  r e s e a r c h ,  e c o -  

nomic ~ncentives, and legislation discussed iumediately above plus 

Government involvement to insure that adequate materials, labor, and 

auxiliary services are made available to support accelerated development. 

In essence, this program wZil remove the constraints described under the 

Accelerated~Orderly Program.. 

In implementing a maximum program, it should be recognized that this 

will require a National co~.itment to develop oil shale using economic 

and administrative gover.nmenral support similar to that used under con- 

ditions of a national ~ergency. Implicit in such a decision is that the 

ne6d is so great that it far o.*t~eighs the enviro?mental costs associated 

with development across the region. These costs have not yet been ade- 

quately defined, but initial development on private lands and development 

on public lands under Interior's prototype oil shale leasing program~¢ill 

provide data concerning the true environmental costs. A decision to 

/mp!ement this program should therefore be deferred until such data are 

available and can be incorporated into an environmental statement related 

"to large-scale development on pu51ic lands. 

Personnel and funding for such an effort is required. Although the 

primary responsibility for program implementazion should be wi~h the 

Department of the Interior~ nearly every Federal Department would be 

called open to furnish support under emergency conditions. Assistance 

from 5tare and local governments would also be necessary to meet rapidly 

expanding urban developments in re!ativelyrural areas. Thus, to admin- 

ister a maximum program of oil shale development will require a profes- 

sional staff and adequate support at all levels of Government. 
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VI. I~L~IENTATIOX PL%N 

The rate of oii shale development will depend upon the Government 

policy (or lack thereof) as set forth in Section V of this analysis. 

At current value ($3.90 per barrel), shale oil rill yield a mar- 

ginally attractive rate of return of i0 to 13 percent on a discounted 

cash flow basis. ApFlica~ion of second generation technology and/or 

~igher product prices will significantly enhance the overall economics. 

The ~pact of the change in cost between first and second generation 

technology is reflected in figure I ~n data prepared by the Department of 

the In~erior, These data reflect the cos= to the Nation to develop alzer- 

native sources of oil (resource cost) and are no~ ~o be confused with 

selling price ~ich will be higher. As indicated, shale oil is estimated 

~o ini=ially cost $3 to $4 per barrel. The "lsarning curve" impact due 

to oil shale development to the ! million barrel per cay level is pro- 

jected to lower ~he resource cos~ to $2.25 to $3.00 per barrel (lightly 

shaded box). Second generation costs thus compare favorably with other 

domestic supply eptlons which, by 19S5, may increase significantly over 

l/ 
the data presented in this figure ~hich reflect current (1973) costs.-- 

Implicit in the estimates that oil shale will increase to the 1 mil- 

lion barrel per day level by 1985 are the following key assumptions: 

i. Public lands will be made available to support expanded 
production after 19S0. 

2. Several plants are on stream in this ducade which will 
enable the application of second generation technology 
after 1980. 

i_/ The cost for oil imports is based on the expected 1975 cost of oil 
imports per agroemen:s made between the oil exporting countries. 
The curren: cost is higher than is reflected in figure I. 
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Failure to realize these assumptions would limit the amount of shale 

that may ba produced by 1955 to a few hundred thousand barrels per day. 

Additional leasing of public lands is expected to require another environ- 

mental statement. The informa'ion ~ained by the support research suggested 

~n this analysis and the results of initial develcpment is absolutely 

essential if that statement is to withstand future court challenges. 

The main barriers to oil shale development do not lie with technology. 

Pmther, thes~ barriers exist within the existing institutional frazework 

and the public acceptance of this new industry. Both of these can be 

resolved wi=h adequate advance planning using information appropriate for 

the =ask. 

Vll. I}~ACTS OF 75~L~NTATION 

Oil shale development would produce both direct and indirect changes 

in the environment of the oil shale region in each of the three States 

where ccntmercial quantities of oil shale resources exist--Colorado, Utah, 

amd~omiug. ~ny of the enviroDmental changes ~ould be of local sig- 

nificance, and others would be of an expanding nature and have c~--~ulative 

impact. These major regional changes will conflict with uses of the other 

physical resources of the areas involved. Impacts would include =hose 

on the land itself, on water resources and air quality, on fish and wild- 

life habitat ~, on grazing an4 agricultural activities, on recreation and 

aesthetic values, and on the existing social and economic patterns as 

well as others. These impacts are fully considered in the Deparvment 

of the Interior's six-volume Final Environmental Stat~nent for =he Pro- 

posed Prototype 0il Shale Leasing Program, September 1973. 
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The Final Envircnmenta! Statement contains evaluations for a 

prototype industry of 250,000 b/d and a mature industry of 1,000,000 

b/d per day. In general, the prototype industry would produce local~zed 

environmental e~fects~ ~dhereas a mature industry would produce regional 

environmental effects. These regional effects could res:llt in significant 

environmental consequences unless prototype development would prove that 

the effects on water, air, flora, and fauna could be mitigated within 

acceptable standards. Proving the concepts for development with effective 

environmental controls would be a prime objective of the prototype program. 

The scale of development for the 250,000 b/d prototype program is 

estimated to produce I00,000 b/d from a surface mine, 100,000 b/d from 

underground Tines and a possible 50,000 b/d for in-situ development. 

Thi~ development would create about 13,000 new. jobs and bring 35,000" 

people into a region with a present populatio~ of about 119,000. It 

would require an investment of nearly one billion dollars in the next 

I0 years, which would create local tax revenues of about $33 million per 

year, State revenues of $22 million per year, and Federal revenues of 

$135 millio~ annually. 

The social impacts of increased urbanization could create a conflict 

of life style because of the present rural character of the region. 

Additionai schools, transportation~ health, and sanitation services would 

be needed, to cite a fc~ of the major public requirements ~¢hich would be 

impoaed on =he local and Stere governments. A mature industry of 

1,000,000 b/d could approximately double the present population and 

would proportionately increase the other requirements which have been 

noted. 



!~pacts on land would involve 8 to II thousand acres for development 

and about 2 thousand acres for u':ility corridors. The sum of I0 -- i3,000 

acres represents about 0.i of I percent of the know oil shale area in the 

region. A mature industry of !,000,000 b/d would involve 75 -- 80,000 

acres of land, including the requirements for urban expansion. This 

figure represents about 0.5 of 1 percent of the oil shale lands that have 

been evaluated in the three-State area. Development of oil shale would 

alter the landscape in some areas and destroy vegetation during actual 

operations, thereby reducing the forage for grazing and wildlife habitat. 

Although the te~:iques for revegetation of mine waste di=posal sites have 

been proven for grasses and similar growth with supplementary water and 

fertilizer, the techniques for revegetating the disturbed areas to their 

original ground cover have yet to be proven. The acreages sho~n above 

are the m~xi?-m es=imated to be cumulatively disturbed over a 30-year 

period. Only a small portion of this would be affected at any one time. 

The effect of oil shale development on water relates to not omly the 

source of supply but to the quality of the water as well. Sources of water 

include beth ground and surface water. "The Piceance Creek Basin is known 

to contain substantial quantities of fresh and saline ground water that could 

be utilized for development. The proto=ype program has been designed to 

fully evaluate the effects of water production, leaching effects from drain- 

age ~ater of disposal sites, an/ the disposal of waste waters. Even 

though significant quantities of water would be required for the prototype 

development program, this fact should not significantly affect the quality 

of the water in the Colorado River Sy3tem. A mature one million b/d industry 
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has been estimated to require from 121 to 189 thousand acre feet of 

water annually. The nmgnitude of the difference be=ween these estimates 

is due primarily to the inability~at this time to fully evaluate the 

water requirements for mine waste disposal or upgrsding of products. 

Methods of handling these problems can only be fully evaluated with 

development. Mature development with all water requirements supplied 

fzom the Colorado River System could increase the salinity of the water 

at |]oover Dam by 15 mg/liter or 1.5 percent~ due to the consumptive use 

of better quality water in the upper basin° The effeots of accidental 

mishaps, flooding and ground water utilizatiom are evaluated in the 

report. Municipal waste from sewage or powerplants could pose a problem 

if proper precautions were not enforced for the increased urban development. 

The effect on air quality from the prototppe programwould be expected 

to be local in character. There would be a reduction in ai@ clarity and 

visibility in the area. Potential inversions of about 20 days per year for 

the reg£on could create some effects on vege=ation and wildlife in =he area~ 

but woul4 be of short duration. All Federal, State and local air quality 

regulatlcns w~uld have to be met. Current technology ind£ca=es that these 

s£andards can be satisfied~ except that yet to 5e determined are the new 

non-degradation requiremen=s and whether any ma~or indus=rial development 

can be undertaken for standards that have not been established. Those 

requiremen£s could limit the size or prevent development. 

During the prototype program, effects on wildlife would be created 

primarily by the impact of an influx of more people into the area, including 
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tl~e demands of the increased population for recreational activities such 

as off-road vehicle driving, hunting or fishing. Some losses from 

eliminated grazing or forage might occur from prototype development and 

in a few cases endangered ~ildlifa species may be displaced. A mature 

industry would have a significantly greater impact on wildlife resources. 

As an example, it has been estimated that it would reduce deer populations 

in some areas by as much as I0 percent. 
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SECTION V 

Improved Combustion Process 



)J.TPROWD CO:.:BUS~O:C PROCESSF.S 

I I .  STATUS OF THE TEC~(~, .0GY 

A. Present Status 

The use of fluidiz~d-'-ed combustion for the purpose of electrical po:-.,er 

and industrial steam generation has cc.,'.e under study, in various for,.-s, in 

number of countries during the past twenty or m.~re years. The major 

studies in this ar_-a have been conducted in the United Kingdom and the 

United States. The Bri t ish inve~tig~_tion began about ten years ago; both 

the at~.:.osphcric and t~',e pressurized versions of the process were studied 

on various experimental units, but no commi ~:,~-" ...... ~ :vas made to scale up. In 

this country, the atmospheric fluidized-bed combustion process has been 

testec; on several experimental units, inmluding or.e of 700 lb coal/hr, 

+~mdm, GCT, ~,xd-ZTA~-p~':~-~,-+i,;wi GCK ;~ ,,o+v preparing to p i lo t  the process 

on a 30 r.:'..; unit. The pressurized system has also been tested, more recently, 

on a number Qf experl~e~:ai unlts; a U.63 F;.V "~lln~plant" has been bui l t  b y  

EPA, and vli l l  be started up later this year, operating at furnace pressures 

up to 10 at'.~. An adiabatic fluidized-bed combustion system, burning ID0 ton/ 

day of municipal refuse, is being tested by EPA, and ~-zill be converted to 

coal (about 2 ~.I'4 equivalent) under (]CR sponsorship. 

Considerable ef for t  has been directed to;.;ard r..odifying cc~bustor processes 

for combustion efficiency im~proven.ent and pollution control. EPA and contract 

research organizations have studied combustion and,m.odifications from 

fundar,.ental tl;rough practical application levels. These studies have 

established the feas ib i l i t y  of modifications with considerable success; funda- 

mental studies indicating potential ne'.v modifications and f ie ld  studies 

producing significant pollution reductions in u t i l i t y  boiler operations. 



B. Barriers to ]cDlementation 

Barriers in the f luidi~d-~.d combustion system include: (1) demonstration 

• of sorbent regeneration and sulfur recovery, for those variations of the system 

involving re~enerzzion; (2) demonstration of high-temperature, high-pressure 

particulate re,oval technology, for pressurized systems; and (3) demonstrating 

the operability of the integrated boiler sys:ems on a large scale. In 

addition, reluctznce of b~iler manufacturers and o~erators to build and instal l  

boilers so radica'lly different from what is currently commercial may be a 

barrier to cor.~rcialization. 
% 

Major barriers for th~ combustion modifications wi l l  be removed by the 

demonstrations of efficiency and pollution reductioh with satisfactory operatins 

characteristics an~ equipment durabi l i ty.  

C. On-goin~ R~D Effort 

A total of abc~t $I mill ion is currently being expended by the Federal 

Government to develop pressurized fluidized boilers. Additional funds are 

required, from either the Government or the private sector, i f  the 0.63 ~:W 

Miniplant is to he operated at an eff ic ient pace, providing necessary design 

infor~aticn on thepressurize.d system. OCR is conducting a $5.8 mil l ion effort 

to test the atmospheric fluidized combustion system on the 30 Nl~ scale; 85% 

of the total program cost is being provided by the Government. The 

adiabatic coal-burning fluidized-bed combustion concept is scheduled for 

study under a $I.~ mill ion Government-sponsored effort. Contacts have been 

established with researchers in this f ie ld in Other countries, particdlarly. 

Great Britain, although the acount of British-sponsored work in this area 

appears currently to be limited. 



EPA has budgeted about $2 million for co;z~bustion codification studies 

during fiscal 1974. These studies cover a wide rang., of activit ies from 

fundan.-n'cal research to f ield application, but this limited funding retards 

tile rate of pro~;-e~s significantly. 



I l l ,  P~TIONALE FOR FEDERAL INVOLVEME;:T 

Development of the fluidized-bed cozbustion technology requires'a 

substantial R, D&D fi:Lzncial outlay. The potential for establishment cf a 

proprietary pesit~on ~s limited, thus making i t  d i f f i cu l t  for a private 

firm to recoup such an R, D~D outlay in a reasonable peried of time. 

Therefore, in order to assure developzent of fluidized-bed boiler tech- 

nolo91' on a ti;:eiy ~ i s ,  i t  is necessary for the Government to provide 

most of th~ R~D Funds, and a reasonable fraction of th~ dezonstration funds. 

Federal involve~nt in the combustion Modification area is necessary 

in order to ensure a systematic, comprehensive program in this area. 

Prograss~ part icularly related to the area source applications would be 

non-existent :~ithout G~vern~ent funds. 

IV. OBJECTIVES 

The generalized objective of the proposed research program is to 

develop, and acc~lerat~ cor.~ercial scale dezonstration of, new and 

hisherrefficiency cozhustion syste~s~ including izproved procedures for 

reducing discharge of pollutants. 



V, ALTER:;AIIVE RSD PROGPJ&-:S 

A. Schedule e~d Costs of Alternative Pro:rams 

Mi]estone charts and a~:~l budget projections are attached for 

each of: (1) an accelerated/orderly program; (2) a maximum program; and 

(3) a minimum program. 

Acceler~te~/cr~rlv Drocr~. A 300 ~<:.C pressurized fluidized-bed boiler 

plant~ a~1 gO0 ,...: atm~spherlc plan~ and a ~00 '" ' '" _ ,-.,. adiabatic system ;.;~uld each 

be demonstrated by the end of f i sca l  19S0. A model o~ the f lu idized-bed 

combustion prmcess v:ould also be completed at that time. The pressurized 

system would be ~ested in the $3 mi l l ion  0.63 ~.~:4 ~:iniplant through FY 75; 

i f  th is program is successful, the system w i l l  be tested in a S25 m i l l i on ,  

30 ZW plant prm~ram through FY 7S, provided that 5D~ private support can be 

obtainmd; and, i f  50% private supporz can again be obtained, a 300 KW 

pressurizcd plant w i l l  te b u i l t  and operated at a cost of S125,000,000. ~ e  

atmosFh~ric-pressure system w i l l  be tested on the planned 30 ~.$I plant by the 

end of FY 75, with subsequent demmnstration on a $30O,ODO,O00, 8C0 ~IW plant;  

again, 50% private support is assumed. The aciabatic system is projected 

for testing en a 50 :<:C uni t  by FY 78, and demonstrated on a $160,000,00D 

500 NW plant (assuming 50~; private support). The total  cost to the Government 

of the ent i re proposed f lu id ized-bed combustion e f fo r t  is $368 mi l l i cn .  

Combustion 1~odifications would be co,plated on demonstration industrial 

boilers in FY 78, and in industrial process furnaces in FY 79, at a total 

cost of S18.8 ~i l l ion (~:ith aD~ut a one-third of that to be contributed by 

the private sector). Nodifications would be demonstrated on a u t i l i t y  boiler 



L 

in FY 78, at a cost of $17.0 million in addition to that already committed 

(Ivith about 40% co~ing fro- industry). A 50"7 ~, I.?C demonstration of 

modificaticns to eas turbine is scheduIPd for FY 81, with a cost to the 

Government of $4.8 million {plus about an equa] a~ount from the private 

sector), zh_ refor~.ed fuels technolocy should be tested on a ] '.i,~ system 

by t~e ~;~ of FY ~ ,  with t,:e full $3.2 ~il]~o,~ cost being proyided by 

the Govern~en:. The total cost to the Govern-e~t.for the co~-bustion ~odi- 

fic=tion program ~:culd be $29 million. 

' Maximum .~rocram. In the fluidized-bed combustion program, the three 

systems ~muld be demonstrated about two ye=rs ear l ier  than in the accelerated/ 

strat ion plant ~.,.ould be bu i l t  in an atte~p.t to expedite commercialization. 

Zn Zhe ::maximum:: alterna=ive, i t  ,,..'as assu~e~ t~,at desicn of the de~o plant 

would b~gin early in FY 75, and that construction of the demo "vould begin 

as s~on as possible af ter  the design was cor..pleted. Due to the larger 

pressuriz--_d d:.~a plant, and due to ineff ic iencies result ing from the expedited 

program, the total cost of the "maxir,,um" program is projected to be about 

~516 mi l l ion ,  40~ higher than the accelerated/orderly program• 
. -w ° . .  , . . .  . . . . . .  • . 

A "maximum" program on the conventional r..odifications would resul t  in 

a demonstration of that technology one to ~,.:o years ear l ie r  than would the 

acceleratcd/crderly program, at a total  cost of about $45 mi l l ion .  This 

55% increase r~sults from increased r,.anpo'.~.:r requirements, co-current p i l o t -  

demonstration phases proble,.-.s and ceneral ineffici-~ncies encountered in crash 

operations. 



Hinimum Prcnr~m. A minimum program would result in delay of the demonstratic 

of the pressurized and atmospheric fluidized-bed boilers by up to a year, and 

~ould reduce the size of the de:onstration plants; the adiabatic system program 

wo~Id be eli=inated. Costs for the fluidized-bed program would be cut to 

about $202 ~ i l l ion by these reductions. The conventional combustion modifi- 

cations ~could be slc~,~d in the :ini~um program so that this part of the e f for t  

would require 25% lon;er to cozpl~te, but funding at $29 million would s t i l l  be 

required although spread out over a longer time frame (~ 2 years). 

Generally, i n i t i a l  or smaller scale research~.;ould be conducted ent irely 

at Government expense. Inter~:ediate-scale testing would be conducted with 

some reasonable conzr1~ution from the private sector (15-50% of the to ta l ) .  

Demonstrations ~.muld generally involve about 50.% industry participation. 

-The bulk of the RD&D effort wi l l  be conducted by contractors under 

GQvernmant sponsorship, 

B. Criter.ia E-~lo ,,=.~ i ~ "  ~ ' , ~  P~r~m cons._r__~:n~ Pro_~osed . . ._. ~ . 

The f lu idized-bed combustion process offers one of the major a l ternat ives 

fo r  new technology en=_b]ing "d i r t y "  coals to be burned with improved economy 

and ~.,'ith acceptable e.-.vironm~_ntal i..-.p~_ct. Development of three variations 

of the process :-;ill provide futu;'e users with a selection from which to choose 

the variatCon ;,hich is optimum for their specific application, and wi l l  provide 

4- 0 alternative fluidize~-bed combustion technologies in ~h, event that future 

developme~.t efforts ~'. ~ " s .... J any one variation to be ,.chn~cally or economically 

undesi rable. 



The conventic=a] combustion mcdificatibn tec!molo~y will enable 

~provLJ iu~Is uti l ization, enable reduction of carbonaceous emissions, 

and will cnable !iO x control mor~ simply and less ez~ensively than would 

~ ?ossib~ with a~ :;~x f l ~  ~as cleaning process. 

C. Rel~tic:~shi~ cf Ot~er ~D 

Perhaps thD ~oSZ ~zpcrtant ccz;panion technolc~F which must be developed 

in conjunct~en with fluidized h~d boilers is high-pressu~,high-temperature 

particu]at~ cleacu? =e=hno~o~y. An elevated temperature and pressure cyclone 

syste~ has ~een t~ted during the adiabatic f]uidized-bed r,,use~= burning ~ + ,  

~ention~d grevious]y. Granular bed f i l ters are also under development. EPA 

is prc~osi~ a~d~tCo~al work in this area. 

cp,,=n~ steam turbines cap=~l o of utiICzi'ng higher steam conditions 

would i=prov~ t~e Ch~r=.al efficiency of flu~dlze~ boilers. 

The -~ ,- ~" co,,.~u.-~on r..c~ificatio;~s pro~ra~ does not d~?.end on tI~e results of 

other efforts. 

D. Acceptability of ~D Procram 

Few problems a;'e foreseen re~ar~r.g environment, safety or public 

acceptabilCty :ssociat~d .;,ith :h~ R&D pro~ra= per se. Adequate ~afety 

devices : : i l l  b~ ne_'_:s_=~ry in the fluidized boiler systems, especially for 

the pressurized flu,dlz-zd bailer plants. Public reaction to the fluidized 

boiler d~z=F, strati~n plants will p:-cba51v be the sa.==_ as for any full-scale 

coal po..:er plant. Environ-ental irpact state=:ents ;.,'ill be necessary for the 

30 ~',:¢ and t~.e d~-cnst::atic.n fluidizad boiler plants. 



V I .  I~ ' , . - 'Lc, , . . , ,~ , ]C. ,  t~LL't 

A. Direct £~re~'!:s 

I t  is " ~ . . . .  p~c.~.=~ that, ',,'~n f lu id i  --~_~-~_.~ 9oilers are d~velcped, they 

r i l l  capture at least 25; of t:,e r_:rk~t for ne:-~ cG31 '..~i!ers. This i~ple~,en- 

ta~icn rate .... ~ .... 015 ,.,.u,a r~s~It in 2.5C3 ,..,; (or 0.2 x ] ~tu fuel input) instal led 

capacizy in i ~ ~015 ~',~ in the year 2(]00. I f  =~.. .  ar.d ,:0. ,'~"'~,~ .-.,"; ( 2 . 2  x , ~.~,,  

anything, i t  ,,ould ~e e>:~ct~: that the i~..~-zz:~t~ion rate would be greater, 

due to a !ar~er-t~n-?.rojected ut i l izat ic,~ of coal for pc',.:er ceneration, an~ 

to capture ~y f luidizec boilers of a ~reater percentase of the coal-f ired 

mar,.... Fluiciz~-d ~-Dilers ',-:ou,~ a~aSle the U. S. to u t i l i ze  even t,,_~o poorest 

• l ,  ° e 

~nd "d iT i i =~  ~-~:-s ~-f-L!,;~ cuu.~-.y ~ ~ : ~ i : r ,  t ia l  coal r .s . rv .s ,  rel ieving 

U. S. dep~.-~er, ce on for~ien oi l  aF.d gas. I f  future stea~, turbine develcpment~ 

enable cper----tion of f lui~ized ~oilers at elevat-:d steam cor.ditions, system 

therr.=.l efficienci.~s of up to 47.; ultimo.rely for zhe pressurized system, and 

40% for tKe atmospheric system, could be achieved, co~pared to 37% eff iciency 

for r~"'~o~al.~,,,:,,., syst.~,-..s; ~.,us, ~ore e f f i c i en t  u t i l i za t ion  of t~,e nation's 

coal reserves v:e~Id result .  

r~ ~ .  Co~busticr. ~cdific.~tion tec.:r.o]o~ cculd ~--~ a~.pl,=d to ~ost existing 

indus~-ricl =,,~"~ ut i ]  "~',W cor.Susticr, prccesses, and to al l  new units. App]icatlon 

~f this tec~,-,olc~y '..~culd ir.pro',,e ccr. busticn efficier.cy, thus resulting in 

-"= and of oreanics wi l l  more efficier. ', uti l ize.rich of , . . I .  Emissions of ,~0 x 

also be reduced. E~..ission red'~ctions for area sources wil l  also be accomplished. 



B... Economics 

Fluld}z.~-~.d boilers wil l  according to current estimates, produce -. 

electr ic i :y at If.7-13.1 mills/':wh, in a 500 ,':,.,' plant with a 70,"~ load 

factor, ba .~v s=~ upon 1970 dollars ar.d 7.5;; escalatlcn/yr during construction. 

A conwnticnal boi ler costed ~n the same .~asis would produce electr ic i ty  

at 13.4 mills/h;h. The fluidized ~oiler installed capital cost is 

estimated to b~ " : -~,n.. ,,,, ~2~O-.~o~v/;:',.: for a f.O0 ,-,,; plant, compared to $337/kw for 

co,,:~.r~.~ ,~ These estimates =_re based upon coal at 

45¢/I06 ~" interest ~'--~-~ ...... s constructicn of 7.5";, and fixed charges of 

15%. ~.7.ortization of R-Z,D is noz included in the ~rice. Co.~.ercial 

availabi l i ty is expected in 1931. I t  would be envisioned Ib~.~ this 
.$ '.."C 

technology would find a r,.arLet in foreign countries, particularly those 

:~ith poor qu_=iity coal reserves; thus U. S. balance bf payments would 

be improved. 

Combustion ~:difications might improve fuel ut i l izat ion efficiency 

by perhaps l or more percenta~ points, thus reducing energy costs 

accordingly. The effect on total combustion syst=-m capital cost wi l l  

probably not be substantial. Cc=~ercial avai labi l i ty is anticipated 

t L  ~ .... _ period l ° ~  - ~ I  during ,~  ~ - =  ~Jo-I=~,. 



VII. 

A. 

Ir-:PACTS OF ""~ . . . . . . .  ,T 

r~atural Resources Reeuirad 

Coal-fired fiuidized-bed boilers wi l l  require 0.2 x 1015 Btu/yr of 

coal in I~5,  and 2.2 x lO 15 Btu/yr in 2000. These figures are small in 

comparison with t~e 30,000 x 1015 Btu ~f estimated recoverable coal reserves 

in the U. S. These boilers wi l l  also require quantities of limestones/ 

dolomites for S02 co~trgl; these minerals are available in laree quantities 

throusi~cut most of :he U. S. 

B. Comoat ib i l i~. .L, ! . : i th m "- ' -"  , . .  . x l ~ , n ~ ,  SiJstem 

Fluidized-b~d boilers, and ccmSustion modifications, should be re=.dily 

C, Env i ronmenta l  Immacts 

t : - I  
F l u i d i z e d - b _ u  b o i l e r s  w i l l  meet a l l  o f  the  env i ronmeata l  s tandards .  

Pollut~nt Emissions per 106 Btu 

CO 0 

S02 0.7 Ib 

N0 x 0.14 Ib 

Hydrocarbons 0 

Particul ares 0.02 Ib 

Thermal (';ater) O 

Thermal (air) 0.62 x 106 Btu 

Ash 17.3 Ib 



° 

Combustion ~o~ifications r,:ay reduce l~O x e~,'issions by up to 60T;. Emissions 

of hydro zarbcns an~ polycyclic cr~anic m.aterials ~:il] al~o be reduced s igni f icant ly  

from so:.:e prc cess~3. These. F.edificatiens wi l l  provide the best technology for 

establisMng and : -*"  ~_:~ir,  g sZandards for area sources. 
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F_OR~ ENEEGY R&D PROBRAI4 BUDGET SUMMARY 

PROGRAH N~E: Improved Combustion Processes 
- m 

| 

PROGRAI.I ELEIIEIIT 

Fluidized-Bed Co~nbustion 
-pressurized* 
-at:::ospheri c* 
-adiabatic* 
- suppor t  

Co~,",bus t i on l.:odi fi cations 
-u t i l i t y  and ~ndustr~al boilers ~:~ 
-gas turbines* 
• .indtzsLrial process furnaces* 
-re for,:ed fuels* 

*Assumes 50~ industry support for demc 
**A~sumos about 42~ support by industrY. 

, ]975 

1.8 
8.0 
3.0 
5.q 

3.2 
0.8 
0.3 
0.8 

uroi ts. 

FEDERAL OBLIG.=.TIONS 

$ >lO 6 
1976 1977 1978 

1.3 
4.4 
6.0 
5,8 

7.0 
O.O 
0,5 
1.4 

12.2 
51,5 
6.1 
2,0 

l.g 
0,8 
1.6 
0,5 '  

26.4 
51.5 
5.2 
2.0 

I °9  ° 
1.4 
1.3 
0.5 

PROGRN~ ALTERNATIVE: Accelerated/Orderly 

1979 1980-1989 1990-1999 

20.4 
51,5 
3.7 
1.5 

1.9 
1.0 
1,3 
i 

20.0 I 
0 (riot certain) 

75.0 (not certain). 
3.0 

m 



FORM B ENERGY R&D PROGRA.~ BUDGET SUI%V, ARY 

PROGRAM NA~IE: Improwd Combustion ProceRses PROGRAM ALTERNATIVE: ~ax~m~m 

PROGRAII ELEI~EIIT 

1975 

Fluidized-Oed Combustion 
-pressurized* 
-a t:;',o s Idle r i c* 
-a,J I ,~ba t i c* 
-support 

Combustion l.lodifications 
-ut i l i ty  and industrial boilers 4' 
-U~s turbinos* 
-industrial process furnaces* 
-reforJ; :ud fuels* 

8.I 
13.0 
9.2 
6.8 

8,6 
0.8 
0.5 
0.8 

'*Assumes 50~ industry support for demo units. 
**Asslmes about 42% support by Indust]'y 

FEDERAL OBLIGATIONS 

1976 

al~4 
70.9 
57.5 
6.8 

12.7 
1.2 
1.0 
1,4 

$ x106 

1077 . 1978 

'~ '/. ~ .,¢ %. 0 
89~6 00,-0 
76.5 76.5 
37.0 37.0 
3.5 3.0 

4.8 1.7. 
1.2 • 2.1 
2.5 2.5 
0.7 0.8 

1979 19~0-1900 1990-1999 

} 
) 5.: ",.',' 

} 

) 1.5 



FO.~'~ B ENERGY R~D PROGRAH BUDGET SUHHARY 

PROGRM4 Rk~E: Xmproved Combustion Processes PROGR/~I ALTER~TIVE' Minimum 

PROGRAI.I ELE,~IEf~T 
1975 

FEDERAL OBLIGATIONS 

• $ > 10 6 

1976 1977 1978 1979 1980-1989 1990-1999 

F1ui dl ze(l-Bed Combusti on 
-pressurized* 
-at:::OSl}het'ic* 
-SUpl)or~ 

Con~busti on '.1odl f i  cations 
-uti I i  ty and Jndustrlal bollers*~ 
-gas turbines* 
-industrial process furnaces* 
-ret'orl:,ud fuels* 

*Assu,~s 50% industry support for dem( 
**Assumes about 425 support by industr31 

1.8 
8.0 
5.8 

2.g 
0.6 
0,3 
0.6 

units 

1.3 
4,4 
5.8 

6.3 
0.6 
0.5 
I.'I 

7.2 
37.0 
2.0 

1.7 
0,6 
1,3 
0.3 

11.4 
37.0 
2.0 

1.8 
1.1 
1.0 
0.4 

12.4 
37.0 
1.5 

1.8 
0.8 
1,0 
0,8 

24.0 
. m  

3.0 

1 , 3  
1.1 
1,1 

201.6 


