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istics were tabulated for sodium, potassivm, vanadiom, lead, chlcrides, sulfur, and
such casgily disscciasted nitrogens 2s ammonia. The fuels that were ihvesﬁga:ted incinde
low-Btu gas, heavy and light liquid distillates, and resicuzl liquids. Fuels processed
or characterized by NASA were not included within the scope of the effurt.

Natural gas and no. 2 fuel ofl have been used in ground-based gas turbines for in-
dustrial and utility applications. Because of the techrology base developed through
commercial 2nd military research, these fuels are presently in wide use in open-cycle
gas turbines for utility peaking service. Natural gas and no. 2 fuel of] are also used in
combined gas-turbine/steam-turbine cycles for intermediate duty service. However,
these clean fuels are becoming scarce and expensive and may pot be available for future
ground-based-turbine applications, Viable fiture fuels for ground-bagsed g2s turbines
are heavy petroleum oils in the near term and fuels derived frowu coal in the future.
Adapting gas-turbine tachnology for the use of roal-derived fuels requires the develop-
ment of key capabilities.

To address this need, NASA and the ERDA Office of Fossil Fnergy begay the Criti-
cal Research and Advanced Technology Support ({CRT) project wiih the sigeing of Inter—
agency Agreemant EF-77-A-01-2593 on June 30, 1977. Upor creation of the Depart-
ment of Enexgy on October 1, 1977, the prolect was asgigned to the DOF Divisior of
Power Systems, which was renamed the Fossil Fuel Utilization Division. The CRT
project will provide a gas-turbine technical data base for the DOE Integrated Coal Con-
version and Utilization Systems activities, which are aimed at developing improved
central-station utility power-~conversion systems that use coal and coal-derived fuels.

The technical objectives of the CRT project are

(1) To develop combustor concepts that will fire coal-derived fuels in an enviren-

mentally acceptable manner

(2) To develop a combustion and materials data base to aid in establishing fuel spe-

cifications for advarced, fuel-flexible, stationary power-conversion systems

(3) To develoo acceptable ceramic coatings for use with coal-durived fuels

(4} To develop a corrosion data base for combustor and turbine materials exposed

to combustion products of coal-derived fuels and to correlate the da*a in a
corrosion-life prediction model

(3) To stndy the trade-offs hetween various gas-turbine technologies, operating

conditions, ard component designs

Tke literature survey, which is the subject of this report, is being conducted under
the combustion portion of the CRT project (item 1). Additional combustion efforts in~
clude analytical modeling to determine combusinr parameters that affect the conversion
of fuel-bound nitrogen into cxides of nitrogen (NO,); flame-tube experimente to evolve
fundamentzl concepts for minimizing the conversion of fuei~bound nitrogen inte N0x=
and evaluation of experimental combustors with coal-derived fuels at simulated gas—
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rbine-combusior opera*' g conditions. Results of these combustion efforts will he re-
ported in forthcoming publizaticons,

In surveying the literature, it became apparent that sufficient information on coal-
derived fuels is not readily availsble, Thus, additional information scurces were used
in compiling the survey. ‘These additional sources included monthly reports from on-
going DOE-sponsored projects and private correspondence, These sources are noted
in the data tables where applicalile. Since information on voal~derived fuzls continnes
o become available, the survey will be updated to include additional data through fiscal
Year 1979,

DETAILS OF LITERATURE SURVEY

Since the emphasis of this survey is on fuels from those synthetic fuels processes
that are furthest along in development, data or both the processeg and the fuele are
continually being generated and published in progress reports by the many contiu~tors
involved, Accordingly, no survey report can contain ali the latest data on the fudls of
most interest. However, this report should give the gereral status of characterization
data available to December 1977 and the physical and sheminal date needed for the CRT
project bat currently not being obtainad,

This report is arranged in the f Jowing general format:

() FUEL PROPERTIES - This section includes a discussion of fuel properties of
concern to the gas-turbine user and examples of the forms used to compile the data,

£) COAL LIQUEFACTION PROCESSES - This section describes the four major
Processes for converting coal into liguid fuels,

(3) FUEL PROPERTIES DATA - This section contaiug physical and chemical fuel
propertier data, grouped by process.

{4) DISCUSSION - This sectior compares the properties of various coal-derived
fuels. Also fuels from the diiferent Processes are grouped by distillate category.

{(5) CONTRACT NUMBERS - This section inzludes a table of Federal energy con-
tract numbers witk author, company affiliation, and contract title. The contractor re-
ports are included in the bibliography.

(6) SCURCES OF FUEL PROPERTIES DATA - This section contains a tabulation of
references 1 to 32, from which the properties data were taken.

{7) BIBLIOGRAPHY - “The bibliography lists the sources of the citations and all the
publisheqd citations investigated in the literature study, by year of publication.



FUEL PROPERTIES

Examples of the fuel analysis sheets that were used to collec: physical and chemiea)
property data for coal-derived synthetic fuels are shown in cable 1 for Mquid fuels and in
table 2 for low-Btu gases, The lists of properties in thege tables were taken from a
number of sources that recommended the appropriate fuel Properties for applcations of
advanced gas-turbine systems,

Physical property data such as pourpoint, viscogity, and distillation range are im-
portant in determining the pumping, heating, and 2tomizing characteristics of the fuel,
Chemical properties such as elemental composition and trace-metal analyses are im-
portant in deteimining the combustion, emissions, and corresion characteristics of the
fuel. An excellent discussion of the importance of many properties listed in tableg 1

given fuel, the current specifications placed upon gas-turnine fuels by users are much
less comprehensive. Table 3, frem reference 27, shows specifications for several

The ash and trace-metal contaminants, which are most likely to be cobcentrated in
the higher boiling fractions during processing, can lead to turbine corrosion and de-
posits. Of the trace metals list d in table 1, the more critical ones appear to be
vanadium, sodium, potassium, and lead,

Altkough no specificatiops are shown far the elemental compositions (C, H, N, 8§,
0), the values of these are important in determining the combustion and emission char-
acteristies of the frel, Hydrogen content is a critical factor in controlling the smoke
emission levels and the radiation pPropertics of the gases iy, the combustor, The higher

verted to sulfur oxides in combustion.

The pourpoint and viscosity-temperature ch.racteristics of the fuel are important
in detemg

(1) The fuel heating that may be required to pump fuel through the system

(2) The pump pressure reguirements
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(3) The fuel temperature required at the fuel nozz!» for pruper atomizing, (Maxi..
mum viscosities of 10 to 26 cS, depending or the iuel atomizer used, are set
to vbtain proper nozzie operation,)

The thezmal stability of the fuel - which is the tendency to form deposits i fue!
manifolds, fuel nozzles, and fue! heaters - is a most important propurty for the higher
viscosity residual fuels. These fuels may require heating to high temperatnres to meet
the viscosity requirements.

Table 4, obtained from reference 27, shows some typical ranges of {uel proverties
applicable to curront industrial gas~turbine systems.

COAL LIQUEFACTION PROCESSES

At least four major coucepts have been developed for converting coal to liquids:
solvent extraction, catalytic liquefaction, pyrol-sis, and indirect liquefaction. Each
concept is discussed briefly here, and the status of the most importart processes that
use the concepts {s summagized, The technology for coal liquefaction is reviewed in
detai! in references 33 ard 34.

Solvent Extraction

Solvent extraction s a liquefaction process in which coal is mixed with a coal-
derived liquid containing relatively loosely bound bydrogen atoms. This licuid is usually
‘called the recycle solvent. The solvent can transfer these loosely bound hydroger atoms
to the coal at temperatures to 500° C 9x2° F) and pressures to 275 atmospheres abso-
lute, Heating brecks many of the physical iuteractions in the coal such as vau der Waals
forces and hydrogen bonding forces, Heating also bresks weak chemical bocds, and the
solvent promotes hydrogen trarsfer to the brokeu bonds. Three processes hive been
developed for Hquefaction of coal in the presence of a recycle solvent. In the first, the
recycle solvent is hydrogenated in a separate step. In the second, hydrogen is added
directly to the extraction vesse] and the recycic solvent is not hydrogenated. In the
third, hydrogen is added to the extraction vessel and the recycle solvent is also hydro-
genated. The recycle solvent, usually an o0il middle distillate of process-derived Heg-
wlds, is continuously recovered and recycled to the extracticn vessel. The ash in tha
extraction vessel often acts ag g catalyst for the solvution process; its catalytic effec-~
tivepess depends on the coal Properties.

Identified ia these terms, the processes currently under deveiopment are

(1) Consol Synthetic Fuel CshH

{2) Solvent-Refined Coal (SEC)



(3) Sivent-Refiped Lignite (SRL)

4) Co-Steam

() Exxon Donor Solvent (EDS)

Coasol Synthetic Fuel, - Thé CSF process (ret. 34) is under development by the
Conoco Coal Development Cc, {formerly Consolidation Coal Co.). Bu. “wscale studies
were started in 1963 with support from the Office of Coal Resezrcy OCRY. A 20-ton.-
per-day pilot plant was built at Cresap, West Virginia, t» oroduce gasoline from coal,
This activity was halted in 1970, Fluor Ergineers and Constructors, Inc., has reacti-
vated the plant, wnder DOE gponsorship, ‘o produce clean boiler fu=] and distillate
rather than gasoline and to test critical liquefaction prucess components. Shakedown
operations are scheduled to be completed in fiscal year 1978 and will be followed by test
Tun operations and testing into fiscal year 1981 (ref. 35),

The extraction reactor used in the CSF process is a stirred tank that operates at
400° € @50° F) and 10 to 30 atmospheres absoiwute. The hydrotreater, to hydrogenate
the recycle solvent, operates at 205 atmospheres absolute. A schematic disgram of
the CSF process is shown in figure 1. The process yields about €3 percent fuel nil,

25 percent char, aud a high-Btu gas.,

Solvent~Refined Coal., - The SRC process (ref. 34) was started in 1962 under OCK
sponsorship to study the feasibility of coal Ge-ashing. Tke initial contract culminated in
2 50-pound-per-hour bench-scale unit, The Electric Power Research Institute {EPRY
and Southern Company Services collaborated on a 6~ton~per-day process development
unit (PDU) at Wilsonville, Alabama. Success i the PDU led to design, consiruciion,
and operation of a 50-ton~per day pilot plant at Fort Lewis, Washingtos. The Pidsbargh
& Midway Coal Co., a subsidiary of the Gulf Of1 Corp.. opsrates the pilot plant under
DOE sponsorship. A run was completed in 1977 in which 3000 ions of fuel were pro-
céaced. This fuel was successfully fired in a2 22. negawatt boiler at the Gecrgia Power
Co. with acceptable erissgions. Current plans ¢ for continued testing at both the Fort
Fewis pilot plant and the Wilsonville PIX Into fi. ! year 1981 (ref. 35). Gult Mineral
Resources Co. has Prepared a conceptual design a 6000-ton-per-day mode! of a full-
scale commercial plant, Similarly, Wheelabrator-Frye, Inc., has designed a 2000--
ton-per~day mit for DOE.

The original SRC process {oow known as SRC.-1) sonverts high-sulfcr, high~ash coal
o & nearly ash-free, low-sulfar fuel that is solic * room temperatures. A schematic
diagram of the SRC~I process is shown in figure Typical product compositions of
SRC-I and raw coal are shown in table 5,

Tbe Fort Lewis piiot plant wag mod.fied in ¢ to permit recycling of unconverted
coal and ash. This recycling resulted in increas hydrogen additior and a product
stream with 2 fluidit, about the same as that of a no. 6 oil, .ischematic diagram of
this processcs, called SRC-H, is presented in figure 3. In ™8 process the solidifics—
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tion and solvent recovery unit is pot required; the mineral residue slarry is used to
produce the additional hydrogen required for the process,

The digsclver reactor in the SRC process ~ & vertical-tube, plag-flow reactor - op-
erates at about 450° C @50° F) and 69 10 103 st spheres absolute pressure. In the
SRC~I process, about 1400 pounds of fuel are produced for each ton of coal G0 percvent
conversion effictency sy weight), Smal! amounts of Ligh-Btu gas and light oil are also
produced. In the SRC-Ilmode, the product streams include {ased on weight percentage
of coal): 40 to 50 percent residual oil, 6 to 12 percent fuel oil, and 2 to 5 percent
naptha. Small amounts of lighter fractions are also produced, Thermal efficiencies
for both SRC-I and SRC-II are essestially the same, about 70 percent.

Solvent-Refined Lignite. - The SRL process is being developed by the University of
North Dakota under contract (o DOE (ref. 34, . The process is based on technology de-
rived from both the SRC and Co-Staam processes. The SKL process uses synthesix
gas ‘Bz + CO) in place of the hydrogzen used in the SRC Process. A process diagram is
shown in figure 4. A 0.5~ton-per~day PDU has been built in Grand Forks, North
Dakota. Successful operation of this PDU could lead to a run with ligaite in the SRC
pilot plant at Frrt Lewis, Wasrhington.

Co-Steam. - The Co-Steam process is designed to convert low-ranking subbituoni-
nous coals, such as lignite, into a low-sulfur fuel oil by the poucatalytic reaction of a
coal - recycle—oil slurry with carbon monoxide or syuthesis gar (ref. 34). A schematic
of the Co-Steam process is shown in figure 5. The stirred reactor overatss at 425° C
©00° F) and 275 atmospheres. The water required for the reaction is provided by the
moisture coptained in the low-rank coal. A S-pound-per~-bour coxtinuous process de-
velopment unit (PDU) is being built at the Grand Forks Energy Research Center, North
Dakota. The PIU should be operating early in fiscal year 1979 and should continue
through fiscal year 1982 (ref. 35).

Exxon Donor Solvent. — The EDS process (ref, 34) also liquifies coal in = hvdrogen—
donor recycle solvent., The recycie solvent is catalytically hydrogenated in 2 trickie-
bed reactor at 266° to 450° C 500° “o 850° F) and 86 to 210 atmospheres. A schematic
diagram of the ELS process is shown in figure 6. Molecular kydrogen is also added to
the liquefaction reactor, which operates at 425° to 480° C 800° to 500° F) and 100 to
140 atmospheres. Products are separated from heavy bottoms by flash distillation,

The beavy botiomns ave further Processed by coking or gasification to produce additional
liquids and bydrcgen £, - the Procesc. The process yvields about 20 percent char,
54 percent oil, and about 25 percent gas, It is about 60 percent therinally efficient,

Thc EDS project was begua in 1966 entirely with Exxon funding. Through 1975,
0. 5-ton-per-day PDU operated Successfully. With DOE and Exxon sharing the cost, a
250 -ton-per-day pilot plent i8 being designed. Operation is schedvlew to start in fiscal
year 1980 (ref. 35).




Catalytic Liquefaction

CatalyHc liquefaction precesses uss catalysts other than the miners! muxter natuy-
ally occurring in ash - ferrous compounsis such ag ferrous sulfate, FeSQ 4 Ni(:loz.
ZnCl,, and Sm.:'l2 - to promote hydregenation o1 the hydrogen~donor solvent, These
processes have the advantage that 2 separate reactor to rehydrogenste the golvent ia ngt
required; catalyst deactivation and separztion problems hzve been encountered, bow-
ever,

Two main concepts are employed in catalytic liqueiaction processes. In the first,
the catalyst and the coal are in direct contact in the reactor, hydrogen gas is intro-
duccd, and rapid direct hydrogenation is achieved, Examples of thesc processes are
the Bergius, University of Utah, Schroeder, and Liquid-Phase Zinc Chloride {Conaco),
In the second concept, the coal and thecatalystarenotmdi:ectconuct. but the sus-
pended pelletized catalyst promotes hydrogenation of the carrier solvent, which in turn
bydrogenates the coal. Examples cf these concepts include H-Coal, Synthoil, Guli~-CCIL.
and CFFC, |

Processes with catalyst snd coal in direct contact, - A number of these processes
have been developed. Some of the more familiar c¢pes are described here.

Bergius: C 1e of the pioneers in coal liquefaction, Berglus first converted coal into
oil in 1913 (ref. 34). The process was developed commercially to produce chiefly geso-
line. Fifteen piarts were operated during World War II and supplied virtually ali ¢f
Germany's aviation fuel requirements. Costs proved to be prohibitively high tor this
process, however; and thus none of those plants are cow operating.

University of Utah: In the University of Utah process a 2’4:(21.2 catalyst and coal are
fed iuto 3 preheater and then into the reactor, The high vapor pressure of the cntalyst
insures direct coatact with the coal at reastor conditions. Very short residence times
have been achieved. About 66 percent conversion to liquids ard 10 pezvent conversion
o gases have been achieved in 2 50-pou~d-per-hour bench-scale PDU, Catalyst recov-
ery remains a primary technical issue (ref. ).

Schroeder: The Schrveder process is similar to the University of Utah process.
The catalyst is ammonicm molybdate; vesidence times are less than 30 sec~cds. Pro-
duct yields are about 30 percent distillable liquid, 35 percent residual liquid, 5 percent
char, and 30 percent gas. Bench-scale tests of this concept were completed in 1962,

Liquid-Phase Zivc Chlorode: The Liquid-Phase Zinc Chloride process, being de-
veloped by the Continental Oil Co., is designed to convert coal into distillates in the
gasoline range by severe catalytic cracking under hydrogen pressure {ref. 34). Bench-
8cale tests were compieted in 1977. A 1.2~ton-per-day PDU has been built by the
Conoco Coal Development Co. at Library, Pennsylvania. Shakedown testing was sched—
uled to begin in fiscal year 1978 (ref. 35).



Procegses with coal and catalyst not in direct contact. - These procecces inclade
H-Coal, Synthoil, Gulf Catalytic Coal Liquids, ard Clean Fuel from Ceal.

H-~Coal: The H-C»al process (fig. 7) is being developed by Bydrocarbon Research,
Inc. (ERI) from their H-Oil process, which is used to hydrotreat heavy fuel oils
(ref. 2). In the H-Coul process, coal suspended in a recycie solvent is brought into
contact with a particulate catalyst in an ebullating-bed reactor (fig. 8). The ampunt of
bydrogen can be varied to produce either a low-sulfur fuel oil or a gynthetic cxude oil.
In the ehullating-bed reactor, which operates at 450° C (850° F) and 150 o 205 atmos.
pheres, the coal and the solvent are forced to flow through the fluidized catalytic bed;
both the coal and the solvent are hydrogenated in the reactor. The relative sives of the
catalyst and coal particles are such that the catalyst stays in the reactor. Since cata-
lyst deactivation has been rapid, bowever, provision is ineluded to withdraw and add
catalyst continuously, '

The H-Coal process yields about four barrels of oil per ton of coal (zhout 74 per~
cent coaversion efficiency by weight). About 5 percent char is also produced, A seli-
sufficient plant would be about 64 percent thermally efficient. .

Since 1964, BRI has been developing the H~Coal process in a 25~pound-per-day
bench-scale unit, The OCR and an industrial consortium funded the building of a 3~ton-
per-day PDU, Tke enperimental results and ecorormic feasibility studies were used to
complete a det: iled design of a 600-ton-per-day pilot plant in 1977. Catlettsburg, Ken-
tucky, has her.a selected as the location. Procure—ent and construction is ir progress;
operations should begin in fiscal year 1979 (ref. 33,

Synthoil: The Syn:hoil process (ref. 34) being Jdeveloped by the DOE Pittsburgh
Energy Research Cenwer (F'SRC) reacts coal, recy -le liquid, and hvdrogen in a fixei-
bed catal /st with high throughfiow rates (fig. 9). (e of the fixed-bed catalyst has beew
a problemu in tests to date. Product yield and the. 1l efficiencies are expected to be
similar to those in the H-Coal process. The Synt’ [ process has been developed at
PERC ir a 5-pouad-per-day PDU, Foster-Wheel: has been awarced a contract to de-
sign and build a 10-ton-per-day pilot plant at Bruccton, Peunsylvania; operation is ex—
pected to begin in fiscal rear 1979,

Gulf Catalytic Coal Liquids: The CCL proces:; 1s a proprietary coal liquefaction
development of the Guif Qil Corp. It is similar to the Synthoil process and fesiures a
fixed-bed catalyst in a radial-flow reactor. The catalyst is claimed to have good re-
sistance to deposition, prolonged high activity, and wlerance to metalliz compounds in
the coal. Pench-scale tests led to a 10-ton~per~d:y pilot plant at Harmersville,
Pennsylvania. Design studies for a demonstration plant are being made.

Clean Fuel from Coal: The CFFC process is being developed by C~E Lummus.
The process includes catalytic hydrodesulfurization and digsolution, an anti-solveat-
promoted gravity-settling technique, distillation, and product and antisolvent recovery.
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C-E Lummus has several patents on the process and has deveioped it to the small~
pilot-plant scale.

Pyrolysis

Pyrolysis, or carbonization, is ore of the oldest tecbriques for obtaining Liquids
directly frora ccal. 1In pyrolysis, co=l is heated without air or oxygen to obtain gases,
liquid, and char. ¥Fyrulytic processes typically convert about 50 percent of the coal
ckar, which does not presently have a ready market, Thus, these processes appear to
be best suiied to multiproduct piants that use chey gasification to produce synthesis gas,
hydrogen, or fuel gas. Pyrolytic processes wnclude Lurgi-Ruhrgas, COED, Occidental,
Toscoal, U'.S, Steel Clean-Coke, and rapid bydrocarbonization.

Lurgi~Puhrgas, - The low-pressure Yurgi-Rubrgas pyrolytic process was dovel-
oped for liguefaction of European brown coals and is the only comme rcialized pyrolytic
process (ref. 34). A schematic diagram of the process is shown in figure 10, Pulver-
ize sal is rapidiy heated by direct contact with hot. recirculated, partially oxidized
cha: pacticlzs. A portion of the carbenized char is withdrawn as product and the bal-
ance is rerouted to the entrained-flow reactor. Products of the process Py weight) are
50 percent char, aboat 18 percent liquids, and abouc 32 percent gases. A 1600~top-per-
day plant was built in 1963 in Yugoslavia and is still operating,

COED. - The Char Oil Energy Development (COED) process (ref. 34) produces syn-—
thetic crude oil by pyrolysis of crushed coal in a series of fuidized beds. Agglomera-
tion is prevevted by onerating at successively higher. temperatures (fig. 11). The pro-
cess has been under development by FMC Corp. since 1962. Successful operation of a
100~pound-per~hour PDU led to the design, construction, and operation of a pilot plant
in Frinceton, New Jersey. This plant processed 36 tons of coal per day from which f{t
produced about 6 tons of oil, 18 toas of char, and 4 tons of gas. Design capacities ware
demonstratec in all parts of the pilot plaat excepi the oil absorber tower. Pilot plant
operations have been concluded and demonsirayed plants have been desigred.

Qccidental. — The Qccidental Research Cory. has been developing this pyrolytic
process {ref. 34) since 1969 with its ovD funds. A 3, 6~ton—per-day pilot plant in La
Verne, Californiz, has been cperating since 1972, A 25C-ton-per-day pilot plant is be-
ing designed. The process converts volatile bituminous coal to synthetic crude oil by
entrained-flow, low-pressure pyrolysis (fig. 12) with very short residence times and
rdpid beating rates, The process stream leaves the reactor and passes through a cy-
clone for gas-solids separation and then to a gas-liquids collection staticn. The process
yields about 57 percent cha;:, 35 percent liquids, and 6 percent gas.

Toscoal. - The Toscoal process (fig. 13) is an adaptation of the oil-shale retorting
technology developed by Tosco. It produces 5 to 10 weight percent liquids, 5 to 10 per-
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cent. gar, and the balance char. This process hes Leer demonstrated in 5 25~ton ~gw: )~
day pilot plant: larger scale testing is not helieved to be necessary.

U.S. Steel Clea~-Coke. - The U.S. Steel Clean-Coke process (fig. 14) is a con,-
bied pyrolytic and solvent extraction process. Gases, liquids, and cretallurgical
graie ccke are produced. Operation of a 10-inch PDU is under way and design studies
have begun for 2 240-ton-per—day pilot plant.

Rapid hydrocarbonization. ~ Occidental Researh Corp. is developing the Flash
Pyrolysis process (rapid beating to high temperature with short residence times) ¢n the
PDY scale. The Rocketdyne Division of Rockwell International Corp. is developing a
similar process except that pyrolysis is carried out in the presence of hydrogen. Both
Processes are in the early development stage,

Indirect Liquefaction

Indirect liquefaction processes first convert coal to synthesis gas (CO + Hz) and
then use the water-gas shift reaction and catalytic conversion to produce a wide range
of liquids, mainly gasolines. Indirect liquefaction processes inciude Fischer-Tropsch,
methanol syntresis, and metharol to gasoeline,

Fischer- Tropsch, ~ In the Fischer-Tropsch process, gasification is dope in 2om-
wercially available reactors (e.g., Lurgi, Winkler, Koppers-Totzek, or Wellman-
Galusha). In-situ gasification may 7’ ‘0 be used. The synthesis gas ig convertad 1o
liquids over an iron or cobalt catalyst, Total-process thermal efficiencies are about
40 percent. A commercial unit at SASOL in South Africa produces about 2000 barrels
of gasoline per day, A new facility is under construction in South Africa that will in-
¢rease production to 40 000 barrels per day of gasoline and fuel oil, abrut 20 percent of

that country's antomobile fuel needs. The process was also used by Germany during
World War I1,

HRI, Inc., built a 7000-barrel-per-day unit in Brovnville, Texas, in which natural
&as was used as the feedstock, When natural gas prices increased, however, this plant
became uneconomical and was shut down. There has been renewed interest in this pro-
cess in this country, however; and several deveclopment efforts are under way,
Methano] synthesis. - Methanol synthesis occuss according to either

CO + Hz—'——ﬁ-CH3OH

or

002 + 332-——*-03303 + HZO
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Various calalysts are used to pror:ote the reactions. Several commercial-scale plants
have h>n buiit abroad, and the technology is considered off the shelf.

Mathanol to gasoline. -~ Th. Mobil Qil Co., with DOE support, is developing a
process for the catalytic conversion of methanol to gasoline. This process is in the
PDU development stage,

FUEL PRUPERTIES DATA

Tae characterization data obtained from the surveyed literatire have been tabulated
on the fuel property forms (tables 1 and 2), The fuels are presented according to the
process from which they were derived (e.g., H~Coal or Synthoil). Within any one pro-
cess, haracteristics have been tabulated for different boiling-range distiliates, as well
as for the total ciude. For ease of veferral to the data, the various distillate cuts have
been nut into three general categories: light distillates (napbtha, light oil, etc.), mid-
Jdle di-villates (diesel fuels), and heavy distillates (heating oils and residual fuels).

Al the {ael properties data surveyed are contained in this section. Tabulaticns are
also indexed according to the sources from whick the data were obtained,

(.uaracterization data are presented in the following tables:

(1) Data from H-Coal prmcesses in table 3

() Data from Synthoil processes in table 7

(7} Data from SRC processes in table 8

{3} Data from COED processes in <able 9

5y Data from the Gulf Catalytic Coal Liquids process in table 10

15} Data froin the Exxon Donor Solvent process in table 11

‘7t Data from the Zinc Chloride Hydrocracking process in table 12

"} Data from the Co-Steam: Process in table 13

5; Data from the Flash Pyrolysis process in table 14

(i~} Data from a catalytic liquefaction process in table 15
{:1) Data from the Sea Coal process in table 16

(12} Proposed specifications of a typical coal-derived liquid fuel in table 17
{15) Low-Bhu gas data in table 18

DISCUSSION
Liquid Fuels

This literature survey emphasizes those processes that are furthest along in devel-
opment and are still active. This criterion could probably bave restricted the search to
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the liquefaction processes of H-Coal, Synthoil, Sclvent-Refived Coal, and Exxon Donor
Solvent. However, it was felt that including datz or other processes could be ussfal

It is readily apparent from casual examination of tables 6 w 18 that many of the
fuel properties data of interest to this survey have not beer determined for the fueis
produced to date. In a few specific instances, where the inel characterization studfes
were of fuels for gas-turbine engines, many moere relevant property data are available,
Data of this type can be found in references 5, 13, and 32.

Some of the more lmpor!ﬁnt Property data on liguid fuels have been summarized in
table 13. FPlots of these data are shown in figures 15 to 17. Although different hailing
canges of the fuels are shown in table 19, all the data available for each fuel are plotted,
irrespective of the type of process or the type of distillate cut,

Figure 15 shows the general trend of increasing weight percentage of hydrngen with
increasing API gravity of the product, regardlers of the process by whick it was pro-
duced. Data for oxnly one fuel were significantly differeat from the general trend,

Figure 16 shows Low the weight percentage of nitrogen varied with the weight per-
centage of hydrogen. As hydrogenation severity is increased in the fuel producti>n pro-
cess, the fuel-bound nitrogen is decreased, as would be expected, because some fuel-
bound nitrogen is converted to ammonia (NHp). The datz for the Zine Chloride Eydro-
cracking process {ref. 24), not plotted in figure 16, showed nitrogen levels significantly
lower than that of any other process-derived fuel at comparable hydrogen leveis, Ni-
trogen levels for the zinc-chloride-derived fuzls were from 0.0018 to £.,0019 weight
percent for hydrogen levels of 8. 3 to 9.65 weight percent.

Figure 17 shows how heat of combustion varies with weight percentage of hydrogen
for those few fuels for which such data were reported. Again. the trend is independent
cf the processing type.

Gaseous Fuels

Thae low-Btu gases proposad for use in ground-based power turbtine systems would
be produced by air-blown gasifiers. As such, they will contain a large percentage
(~50 vol %) of nitrogen, as well as eame carbon dioxide (CO,) - neither of which con-
tributes to the heating value of the g3s mixture. The primary combustible gases from
such a gasifier are hydrogen and carbon monoxide and a small amount of methane,

The heats of combustion of the most probable gases in the low-Btu mixtures are
shown in the following table, which is a summary of the heat-oi-combusiion data in
table i8. The gross volumetric heuting values of hydrogen (Hz) and carbon monaxide
{CO) are nearly identical, about 322 Btu per standard cubic foot, As a result, the heat-
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T
[- Gas | Malecular | Heat of combustion, | Heat of aunbostion,
weight B /b L meu/md °
L
Grosz | Net Grees Net
Bz : 80 956 | 31 M1 .81 172.9
O as 434 434 3qi.8] x2.8
co, +*" o (] 0 0
CcEB, {3 22 861 | 21 508 1010 L 0]
C 356 0 %2 304 | 20 418 1rro 1830
Nz 28 0 0 0 0

ing value of a low~Btu gas mixture can be estimated closely if the volume percentage of
inert gases (Na and C02) is known. Thus

Gross heat of combustion = 322 - 3.22 (vol % inerts), Btu/std ft

A plot of this relationship is shown in figure 18, Also shown in this figure are somece of
the heat-of-combustion data from table 18,

Bost of the references cited in table 18 give "typical™ ranges of properties for
these gases, rather than sctual experimental data. In none of the refe:ences cited were
there any data on the sulfur, alkali metals, or particulate contamination levels to be ex-
pected. These data would undoubtedly be controlied by the cleanup proce.;ses used,
rather than by the gasifier type or the operating conditions.

CONTRACT CONDITIONS

Federal energy contract nwnbers relating to coal-derived synthetic fuels produc-
tion and upgrading programs are listed in the following table:
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Toasil asergy Autboe Compary T Procass and/or title
econtract FE -
628 PAMCO (Merviam, Ka.) Puot plact 1o produce lyw-Bto gas frem conl

1212 Jones, J. F., et af, FMC Corp. COED

1514 Charpberlsin, B, M., et 3l, |W  tnghouse Advinced coal gasilication system for elec—
tric power gwneration

1521 Fostar-Whaalar Advapced coal gasificstion systen for (lec—
tric power from coal

1827 Bramiosus Coal Resewrch Gz guoerator research and development with
e'emn Bwl gra

1529 Atox: ‘ce Interoatioosl Molten-salt coal gasification pilot plant

1534 Peiars, Bruce Torw Chemical Chemicals fram cot] fcheracterization spd
hydroprocearing studies)

1545 Pattereon, K. C, Combupton Enginsering, Inc. | C-E lew~Bu gasificution of coxl profect:
Fbases I, II, and I

1730 GT Preparation of 2 caal coqversion systams
technical data bock

1743 Klunlder. E. B., et al. Conoco Coal Development Co. | Zinc Chloride Process; hydrocracking for
distillate fuels

2003 Greakovich, E. J. Chemical characterization: handlicg and Te-
fintng of SRC to lquid husls

2008 Wiser, W_H, Utak University Appiied Research and Evaluatiou of procesa
concepis Jor geaification snd ligaefication
of Wastarn coals

2010 de Rosset, 2t al,, uaP, e, Charucterization of coal liguids

2013 Crynes, B. Qiclahomoa State University Catalyata for upgTading coal derivative liquida

2028 Kmizer, J. P, et sl Delewars University Klneticns apd mechanisma of desulfurization
and denitrogenation of coal=derived Yquids

2034 Derg, L., et al, Monisna State University Catalytic hydrogenstion of cosl-detrived liquids

244 Koell, E. W., etal. Oocidertal Reseurch Corp. Flash pyrolyais cosl lquefication procags
developrmert

2070 Lewis, H. E., et 2l. Catalytic, kv, SRC process operstion ar Wilsonville, Ala

22868 —— Pruparstice of 4 coal couversion aywtem
technical dama book

2292 Carlson, N. oxc Combined-cycle system for Jow=Btu gea - se

235 Sullivan, R. F. Chevron Research Rafining and upgreding of syofuels from cosl
and ofl shales by sdvanced catatytc
ocssses

2353 Fant, B. T. Exxon Research & Engineering | EDS coal liquefaction process development -
Phase Ila

SOURCES OF FUEL PROPERTIES DATA

Fuel characterization data are lisied, by process type, for the various distillate
categories in the following table. Reference numbers in the table (1 to 32) refer to the
literature where data applicable to this study were found.

The references were obtained froza the extensive bibliography that follows it, Many

of the citations in the bibliography repeat the data given in the references. Other cita-
tioLs contain no data relevant to this study. Also included in the bibliography is a list

of sources,
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Syncrude source Fall-range Naplahe, light | Hasvy naphiba, | Busvy dlatillstes, Miscalliesos
cxude distilinins, . middle el o], and md olter out;
and LUght oll digtfllates, process smlveat
sod wash solvemt
Rafereote nambare
H-Coal 105 67,32, ) 03 |1, 2.4, 6,2, 0 B.2.4.622 4. &) 12,63 8, &) 15. 8.0
Syntholtl 5,8.9.10,12,13 10 3,10.12 10,12 8,11,12
SRC 5.18,17, X2, @) (e 3.5,14,16,17, R |14,15,18,17, 2, i)
COED $,18,19,20 6.11,18.1%
Camlytie Lquid (Gulf) 21.22 .
Dopor Solvemt (Exoma) 23 3
Zire Chloride Bydrocrazking 24 —— 24
Co-Steam 23 - e
Flaah Pyrolyais 26 — -
Ohar Uguids 130 - --
{ Low=-Beu grses 27w amd @

®M—o for record, John 8. Clark of NASA Lewis Rasearch Center, Jaly 10, 1077,
eeting handout on H-Coal products Zor gas—turbine camblned cycles, Paal H. Kydd of Generul Hlectric, Bch ncoady, N Y.,
Jsu. 9, 1975,

©Letter from G. R. Fox of Guueral Electric Rosesrch and Devalopment Center to Idoyd. 1. Sxare of NABA Le-is Fogenrch
Centar, Feb. 18, 1977.

UMemo for record on trace elemeut mulyses of H-Cosl bydroclons totnms sample, Theodore S. Mroz of NA. © _ewis Rases, b
mm. Tab. 26, 196,

anwmc.smhmdmw&mmyccﬂmma.mm-w.munmm‘aw&n-
tar, May 16, 1975

G. G.: Amendmem of Splicitation to Prospective Offsrors, R¥ P-EF~T7-R~01-2074, June §, 1977 . otrecting OM—

cer. ERDA).

‘mmhno. Raymond W.; snd Eises Fred: Courss notas from ''Synthetic Fusls from Coal, ** Center for Professianal Advaoc e~
ment, Joly 22-24, 1974.
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