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4--SYNTHETIC LIQUID FUELS: THE TECHNOLOGY,
RESOURCE REQUIREMENTS, AND
POLLUTANT EMISSIONS

By Robert V, Steele

A, Introduction and Overview

To assess the impacts of large-scale production and use of syn-
thetic fuels it is necessary to set forth the technological systems or
networks through which theosc fuels proceed from resource extraction to
end use, We have attempted fo do this by examining the technologies
that are likely to be utilized for synthetic fuels production, as well
as associéted mining, fransportation, refining, and distribution tech-
nologies. We have attempted to gquantify flows of energy, materials, and
dollars through the systems and to identify specific areas where impacts

may be expected.

The level of detail with which the various technological system
elements have been discussed is sufficient to understand flows of mate-
rials, labor, dollars, and energy through the systeﬁ, and to identify
flows of residuals into the environment, We have not undertaken detailed

engineering and economic analyses of these technologies since this work

has been performed elsewhere, often by several sources.”

*Specifically, two previous studies on the feasibility of alternative
fuels for automotive transportation® ®
more detailed engineering and economic analysis, =

are pointed cut as sources of
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The baéic elements that make up the alternative fukls network are
shown in Figure 4-1, This block flow diagram is sufficiently general
that thé particular energy conversion technelogies and the transporta-
tion and distribution éteps need not be specified. These will be dis-
cussed in detail Later. The imperiant thing to notice about the diagram
is the way the alternative fuels are introduced'intovthe conventienal
fuel production and distribution sfstem. It is our judgment that meth-
anol, because of its special properties, wauld have its own distribution
network parallel to, but distinet from, the comventional gasoline and
distillate fuel nctworks._ On the other hand, for gasoline ahd distil-
late fuels derived from coal and oil shale, we expect that once the
syncrude has been produced énd introduced into ?he conventional pipeline/
refinery system, its fate will bhe essentially indistinguishable from the
ngturﬁl crudes that are processed in the same system. The block flow
diagram reflects these judgments and also allows for the additional
alternative of introducing a methanol/gasoline blend at the last stage

of fuel distribution, i.e., at the pump.

It becomes apparent from the above discussion that most of the
social, economic and -environmental impacts resulting from the develop-
ment of alternative fuels, with the possible exception of methanol, will
be in the extraction and conversion stages. TFor this reason, most of
the subsequent discussion, as well as the identification of impacts,
will center around these twé stages. Since the production of methanol
from ﬁoal and of é&nthetic crude 0il {(syncrude) from coal and oil shale
are new technologies, they may have impacts-that are qualitatively dif-
fercnf from current-types of enevgy conversion activities. In addition,
new types of impacts from the distribution and end use of methanol are
likely to occur. Thé extraction of coal for liguid fuels production is
not likely to pose any new problems in addition to those already encoun-

tered with conventional eoal mining methods. However, the =scale of
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impacts is likely to increase 1n certain areas. The extraction and
processinglof 0il shale will have significant new impacts in shale-
bearing regions due to the very large amount of material that must be

mined and disposed of.

Two important considerations in the development of a synthetic
fuels industry arc the cost and availability of the rescurce required
for ioput into the conversion processes. In coal conversioh processes,
large guantities of coal are required by a éingle large plant (10 to 20
million tons per year), and this reguirement contributes significantly
to the cost of producing the final product. Since it is imporiant to
ensure a continuous supply of coal over the Qd-year life of the plant,
the companies that operate the plants will attempt to "block up” fi.e.,
acquire leases) at least a 20-year éupply of coal for each plant. The
Jlarge reserves required are more readily obtainedlin the western states
tpan in the eastern states. In addition, the costs of western coal ex-
traction are appreciably lower ($3-5/ton) than those for eastern coal
($8~-10/ton) due the thick seams and low stripping ratios typical of

western ¢oal deposits.

A large part of the expansion of the coal industry can be expected
to take place in the West, For this reason a large energy conversion
industry may also be centered in the western United States, in which
case many of the impacts due to synthetic fuels development would be
specific te this regiom, Thus, the use of western cozl to produce
synthetic petroleum and methancl is emphasized in the following discus-
sion. This emphasis does not rule out the use of midwestern and eastern
coals for conversion to synithetic liguid fucls; in fact, there are
strong feasons for utilizing these high sulfﬁr coals to produce clean
liquid fuels, and a major expansion of esastern coal pradudtion can be
expected, However, the judgment that the greater part of the projected

.
expansion of the coal and energy conversion industries is likely io take
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place in the West and that problems associated with this expansion are
more likely to be serious in the western states than in the eastern

states is reflected in this emphasis,

The technologies for converting cogl_and oil shale into ligquid
fuels can best be described as emerging technologies in. the sense that
benech seale, pi}ot plant, and, in zome cases, demonstration plant, op-
eratien of the various processes have been carried out, but noene ot the
technologles has yet been utilized in a commercisl-sized plant. O0f -the
three technolbgies considered--crude o0il from ©il shale, e¢rude o0il from
coal and methanol from coal--it is widely. accepted that the technology
for extracting crude o0il from shale is the most advanced and the one
closest to commercial application. We judge the second most advanced
of the technologies to be the conversion of coal to methanol, even
though no pilot or demonstration plants have been built.l The redason
for this judgment is that the Lwo steps for converting coal to methanol--
production of syuthesis gas and catalytic conversion of synthesis gas e
to methanol--arc both well understood and developed sufficiently so that
the combination of the Llwo into a coal-to-methanol operation does not
present serious technical difficulty. Cogl liguefaetion is the least
advanced technology. Even though several processes have been tested
through the pilet plant stage, serious diffiéulties remain in the large
scale application of this technology, and the first commercial plants

are not expected for at least ten years.

Synthetic liguids derived from coal and oil shale-are‘expected to
be expensive. Estimates of the market price range from $12 to $17 ﬁer
oil-equivalent barrel® (two barrels of methanol have approximately the-
same energy content 2s one barrel of oil). Sone estimates go even
higher. A large fraction of the price of synthetic Tuels is due to the
iigh initial capital investment required for a synthetic fuel plant,

This investment is of the order of %1 biilion (1973} for a 100,000~B/D
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(16;000 m>/D) plant. Since construction costs have escalated at a rate
significantly higher than the overall rate of inflatiom, the caﬁital in-
vestment may be much higher (in coustant déllars) over the next ten years.
Ultimately technological improvements as well as standardization of some
process components can be expected to reduce beoth capital investment and
operating costs. The problems associated with generating the large |
amounts of capital‘required to build up the synthetlc fuels industry

constitute a significant economic and institutional impacit, and are dis-

cussed in detail in Chapter 8.

Brief mention should be made of the kinds of products to be expected
from synthetic ftolslplants. In the conversion of coal and oil shale to
liguid fuels, a variety of products can be produced, ranging from tight
oils and néphtha to fuel oil and synthetic crude oil. Some of these
products may be used as fuel for power piants, heating oil, e¢te. How-~
ever, since this study is directed toward ‘the use of synthetic fuels in

.automotive transportation, we assume that the major end product of a
coal.liquefaction or 0il shale plant is synthetic crude oil, whiceh is
suitable as a refinery feedstock, and which is ultimately converted to
gasoline and distillate fuel ag well as to other refined products con-

sistent with the composition of the syncrude.

r

B, Discussion of Technologies
-1, Liquid Fuels from Coal
a, Extraction

The various technigues for surface mining coal are dis-
cussed in detail in Chapter 13, and only brief mention is made here on
the extraction stage of coal conversion. The technigues of area sirip
mining utilizing large "walking' draglines to remove overburden and elec-

tric shovels and heavy duty trucks to scoop out and remove the coal from
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the exposed seam are both well developed and well adapted to mining the : ——
large western coal deposits lying near the surface. These mines can be

=4

made rather large, in the 5- to 10-million ton per year (4.5 X 10° to
9 x 10° kg/Y) range, and thus it will be feasible to dedicate two or
three large mines to a single large (100,000 B/D or 16,000 n®/D) syn-
thetic fuellplant, which will require 10 to 20 million tons per year

(9 % 10% kg/Y to 18 x 10% kg/Y) of coal.

Although there arc some large underground and surface
mines in Illinois (up to 5 million tons per yvear or 4.3 X 10 kg/Y), most
eastern mines are much smaller,4 and many more of these mines will have
to be dedicated to a single synthetic fuel plant 6perating in the East.
It may be difficﬁlt to.ensure_a continuous source of supply from many
smzll mines unless they are all controlled by the same company that op-

erates the synthetiec fuel plant.

Eveﬁtﬁally western coal deposits lying near the surface g
will be depleted and technology will have to be developed to extract the |
much larger deep-lying coal resource. The presently used techniques such i
as room-and-piltar and longwall mining, which are used in the relatively
narrow underground seams in the East, will have to be replaced by newer
methods suitable for the much thicker deposits in the West, The long-
term future of the western coal industry as well as the synthetic fuéls

industry may hinge on the successful development of such techniques.

h, Conversion

Ceal is an organic material consisting primarily of car-
bon and hydrngen and éecdﬁdarily of oxygen, nitrogen, sulfiur and other
inorganic constituents. The molecular constituents of c¢oal are complex {
aromatic {ring) compounds in which the atomic ratio of carbon to hydrogen
is aboul one. Typical carbon-to-hydrogen weight ratios are 11 to 15.

Under the apprupriate conditions, these large molecules can be broken N
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down inito smaller ones, with carbon-to-hydrogen weight ratios of the
order of 6 to 8, and a liquid hydrocarbon fuel can be obtained. There
are three distinet routes Ior carrying out the conversion of coal to

liguid fuels, of which two are of interest for this study.

(1) Fischer-Tropsch Synthesis/Methanol Synthesis--

Fischer-Tropsch synthesis was used extensively by the Germans during
Worid War II to produce syntheile petrcleum from coal when natural
petroleum was in short supply. Through 1943, large quantities‘df gaso—i
linc were produced in this fashion. Even though this method of coal
liquetaction is expensive and inefficient, it is the only coal liquefac-
tion process currently being used in a comﬁercial plant (Sduth African
Gas and 0il Company [ SASOL j--operating at 6600 tons (8 X 10° kg) of coal
input per day). The mzin product of this plant is synthetic gasoline,
hut sigﬁificant amounts of diesel oil, ligueficd petroleum gas (LPG),
waxes and alceohols are also produced.5 SAS0L has recently znnounced

plans to expand tﬁe rlant to three times its present size,

Fischer-Tropsch syﬁthesis is actually the second étep of
a two-step process for converting coal to liquid fuels, 'In the first
step, the coal i1s gasified to producc a synthesis gas consisting mainly
of cgrbon monoxide (CO) and hydrogen (He)' There are severzl processes
by wﬁich gasification can be zccomplished. As an example, we will use
the Lurgi process, which is both well developed and widely used. In the
Lurgi process, coal is ecrushed and fed to a pressurized lock hopper Irﬁm
which it is admitted to the gasification vessel. Inside the vessel the
coal moves from top to bottom by the forece of gravity and is reacted with
a counterflowing stream of oxygen and steam at 1100-1400°F {(390-760°C)
and 350-450 psi (2.4-3.1 w 10° N/m?). Ash is removed via another lock

hopper at the bottom of the vessel., The gas produced by the reaction is
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bled off at the top of ;he vessel, It consists primarily of CO and H,
along with carbon dioxide (C0,), water vapor (HEO), methane (CH,), and
contaminants such as hydrogen sulfide (HES). After leaving the gasifier,
the hot gas is quenched with water to remove tars and oils, which are
formed during gasification, and then purified to remove the acid gases

CO2 and Heb.

The resulting synthesis gas containing H; and CO in the
approximate molecular ratio of 2/1 is suitable for conversion to hydro-
carbons via Fischer-Tropsch synthesis, This synthesis is carried out in
a fluidized bed catalytic reactor at 430-490°F (220-230°C) aﬁd 360 psi
(2.5 % 10° N/n®). The two ma jor reactions on which the synthesis is
based are as follows, where (CHa)n is the symbolic representation of a

hydrocarbon containing n carbon atoms with n larger than about 4 or 5:

nCo + 2nH2 - (CHa}n + nH20

2nC0 + nH2 - (CHE)n + nCO2

The resulting liquid product is fractionated (distilled) to scparate the
various components described earlier. Depending on the conditions and

catalysts émployed, different product mixes can be obtained.

Although it is unlikely that this inefficient and obsolete
procesg will be used to produce liquid hydrocarbon fuels from coal in the
Lnited States, a variation of this process will be of primary importance
for the production of methanol, The synthesis of methanol from coal is
similar in z2lmost all respeets to the Fischer-Tropsch synthesis of gaso-
line. The major difference is in the final synthesis stép where the
natuge of the catalyst and the operating conditions determine the final

product.
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Tn methanol synthesis, a copper-zinc catalyst is vsed to
convert purified synthesis gas to methanol at 500°F (260°C) "and 1300 psi

(1 % 107 N/m®). The principal reactions involved are: /

€O + 2H, — CH5OH

CO, + 3H, - CH3OH + H.0

To achieve the maximum yield of méthanol (CH;0H) it is imporiant to have
the correct HQ/(CO - COE) molecular ratio in the synfhesis gas. This ‘is
accomplished by allowing some of the gas to undergo CO shift conversion,
whereby steam and CO are reacted to forﬁ CO, and H,. This.step consti-

tutes another diiference between methanol synthesis and the Fischer-

5

Tropsch process.

Figure 4-2 shows a block flow diagram for the comnversion
of coal to methanol., Nearly a third of the coal input to the plant is
converted to low-Btnu fﬁel gas in a gasifier operatiné with alr instead
of oxygen, This gas is burned on-site to provide s?éam and electricity
to run the various plant_processes.6 This method of producing plant
fuél is not as efficient as burning coal directly but does result in

signifieantly lower emissions to the air,

Most of the processes associated with methanol productién
have been discussed previously. Other processes shown in Figure 4-2 are:
methane reforming, wherein methanc produced in the gasifier (methane is
not suitable as a feed tc methanol synthesis) is reacted with-steam to
produce additional CDIand Hy: compression of the 300-400-psi {(2.1-2.8 X
10% N/m%) synthesis gas to the 1500 psi (1.0 x 10° N/m®) necessary for -
methanol synthesis-~since less than 7 percent of the synthesis gas 1s
converted Lo methanol during a'single prass through the synthesis stagce,

the remainder is recycled to the compression stage; sulfur recovery, in
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which H.8 is a eoncentrated stream from the gas purification stage is

reduced to elemental sulfur, which can be sold as a byproduct.

For the process shown in Figure 4—é, the thermal effici-
ency is rather low--36.6 perccnf if the heating value of all the byprod-
ucts is counted; 40 percent if oniy melhanol is counted.6 Certiain
changes in process components could result in a higher overall cffici-
ency. Burning coal directly instead of converting it to low-Btu fuel
gas has been discussed previously. This procedure increases efficiency
but results in a higher environmental cost. Another process change
woﬁld be to utilize a high-tempeérature gasifier, which would produce a
.negligible methane yield in the synthesis gas, This would eliminate the
energy consumptive methane reforming step, and high temperature operation

would produce far fewer byprodugt tars and oils,

There are two commercially available gasifiers that have
low direct methane yields-=-the Winkler and the Koppers-Totzek. These
gasifiers also have the advantage'of producing practically no tars and
0ils, thus eliminating an additional separation step. However, both
gasifiers have the disadvantage of opervating at atmospheric pressure,
thus requiring a large degree of compression of the gas before methancl.
synthesis. In the Koppers-Toizek process, the additional energy savings
brought about by low tar and methane yield is offset by the large com-
pression energy reguirement, resulting in an overall coal to methanol
efficiency of about 40 percent,e the same as when the Lurgi gasifier is

used,

4 number of advanced gasijiers suitable for producing

" synthesis gas have been tested. These include the Bureau of Mines Syn-
thane process, the CO, Acceptor process of Consolidation Coal Company,
thg Westinghouse fluidized bed precess and various in EEEE gasification
procésses. developed by the Bureau of Mines, Léwrence Livermore Labora-
tory, and 6ther5, All of these processes incorporate deéign features
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which promote increased synthesis gas yiclds and other process improve-

ments that will eventually render the Lurgi and Koppers-Toizek processes
obsolete. However, none of these processes are commercially available
at present. TFirst generation methanol plants will undoubtedly be.de-
signed around current technology, while second and third éeneration
plants will incorporate-the more advanced gasifiecation technologies

mentioned above, as they become available,

(2) Pyrolysis--Pyrolysis is a techunique for extracting
the volatile mate}ial in coal by heating it to high temperatures (about
1600°T) in successive stages. The volatile materizl driven off contains
most of the hydrogen in the coal, and consists of medium-Btu gas and a
high-density synthetic crude 0il, A portion of the gas can be reformed
to produce hydrogcn, &hich can then be used to hydrotreat the ligquid
praduct, thus upgrading it to a crude oil suitable as a refinery feed-
stock., The material left behind after pyrolysis is ecalled char; it con- T
sists mosily of carbon and ash. This material may be usable as fuel if |

the sulfur content is low enough.

Pilot plant tests made by FMC Corporation on its COED
{Char 011 Energy Development) coal pyrolysis process indicate that just
slightly over one barrel (0.16 m") of synthetic crude o0il is obtained

per ton (910 kg) of coal input.® Thus, the coal-to-oil thermal effici-

ency is only about 25 percent. The remainder of the produect energy is
in the form of char or gases. Since this study is directed-toward the
production of liquid fuels from coal, and other processes are capable

of liquid [uel yields of three barrels per ton (0.53 n® of oil per 1000
kg ol conl) or more, we do not consider that coal pyrolysis is of suffji-

cient interest to warrant further analysis.

(3) Coal Dissolution--The process by which coal is dis-

solved in a solvent, hyvdrogenated, and converted into 2 liguid hydrocarbon ’ !
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fuel is known as coal dissolution. It is also referred to as solvent
hydrogenation or solvent extraction. This appears to be the most prom-
ising technalogy for converting ccal into gynthetic, crude 0il (syncrude} .
It has the advantdge of achieving a high liquid preduct yield (approxi-
mately three barrels ﬁer ton or 0.53 m? per 1000 kg of bituminous coal)}
with relatively high thermal efficiency {up to 75 ﬁercent). In addition,
mosl of the sulfur in the coal is removed during the process. Although
several variations of this process have begen developed, there are some
steps common to all processes including the dissolution of {ho organic
matter in the coal in a process-derived solvent and hydrogenation of the
resulting product to yield synthetic crude ©il. These are shown in the

block flow diagram of Figure 4-3. The dotted lines indicate the difler-

ent stages at which hydrogenation can take place, depending on the

- Process,

The three varianis of the coal dissolution technlque that
have been the most extensively evaluated are the Solvent Refined Coal -
(SRC) process of Pittsburgh and Midway Coal Company, the Consol Synthetic
Fuel (CSF). process of Consolidation Coal Company and-the H-Coal process

of Hydroearbon Research, Ine. (HRI).

In the SRC process, the erushed coal is first slurried
with the solvent and then reacted with hydrogen_at 8153°F (433°C) and
1000 psi (6.9 N 105 N/m®), causing complete dissolution of the organic
matter. After separétlng unreacted solids and salvent, a low-sulfur,
ash free product, which is a solid at room temperature, is obtained: It
must be further upgraded by hydrotreating te yield synthetic crude oil.
Two pilot plants have been‘constructed to test the SRC process. A siﬁ
ton per day (5400 kg/I) plant producing a clean boiler fuel recently
completed a 75-day test run at Wiisnnville, Alabama. Sponsors are the

Electric Power Research Tnstitute (EPRI) and the Southern Services
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Company. In Tacoma, Washington, a 75 ton per day (68,000 kg/D) pilot

plant has been built for Pittsburgh and Midway under ERDA sponsorship.

The CSf process separates the dissolution and hydrogena-
tion steps. The crushed, dried, and preheated coal is first slurried
with a hydrogen donor solvent, Then it is passed through a tubular
furnace at 150 psi (1.0 x 10%° N/m°) and 765°F (410°C) to an extraction
vessel where dissolution of the organic matter is completed, After un-
reacted solids are separated, the resulting liquid is fractionated. The
low-boiling fraction is recuvered as solvsnf, and the heavy bottom prod-
uct is further hydrogsnatod at 800°F (430°C) .and 3000 psi (2.1 x 107 N/m%)

to yield synthetic crude oil,

A 76 ton éer day (6.4 x 10° kg/D) pilot plant based on
the CSF process was operated at Cresap,‘West Virginia, for 40 months,
ending in 1970.‘ Because of recurring equipment failures, the plant was
shut down for a detailed study df problem areas, However, it was éon—
cluded that thelprncess, as designed, is technically feasible, This
plant is scheduled to be reaectivated by the Fluor Corporation; several

ccal—to—liquid—fuels processes will be tested.

A third variant of the solvent refining method, the H-Coal
process, carries out dissolution and hydregenation in the same step in
the presence of & catalyst. The slurrisd coal is reacted with hydrogen
in an ebullating hed reactor at 850°F (450°C) and 2700 psi (1.9 x 107
N/m°) . Cobalt-molybdenum catalyst. is continuously added Lo the reactor
as spent catalyst is removed., After separating gases and unreacted ‘
sofids, synthetic ¢rude o0il is recovered from fractionation of the re-

sulting liguid,

Initial tésting of the H-Coal process has been carried
out in a three ton per day (2700 kg/D) pilot plant at the HRI facili-

ties at Trenton, New Jersey, under the sponsorship of Ashland, ARCO,
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Standard of Indiana, and FExxon. In addition. ERDA aﬁd HRI are planning
a‘600 ton per day (5.4 X 10° kg/D) pilot plant at Catletilsburg, Kentucky,
to test the commercial feasibility of the H-Coal process, Industrial
sponsors include the ones mentioned above’(except Exxon), EPRI and Sun
0il.

Several additional variants of the coal dissolution method
are being tested. Gulf Hesearch and Development recently began testing
a catalytic process ih a one ton per day pilot plant. The Bureau of
Mines has contracted Foster-Wheeler Corporation to design an eight ton
per day pilot plant to test 1ts Synthoil process, which 'is similar to

¥

the H-Coal process, and has been tested through the one-hall ton per day

(450 kg/D) pilot plant stage,

In éll the above processes, large amounts of hydrogen
(15,000-20,000 cubic ft per ton of cocal or 470-620 m3 /1000 kg of coaly
are consumed. TIn most cases, sufficient hydrogen can be produced by a
conbination of gasification of unreacted coal solids {char} and heavy
distillation preducts. and steam reforming of high-Btu byproduct gases.
If necessary. some of the feed coal itsclf can be gasified to provide

additional hydrogeun.

At present ne coal liquefaction processes are suitable
for incorporation into & commercial-size plant. Several proccsses have
been tésted at the pilot-plant level as indicated above, However, con-
siderable research and development remains before the first commercial
cogl liquefaction plants can be built and opefated successfully. 1In
particular, areas in which further R&D are required are coul slurrying
and pressurizaﬁion, durability of reactor materials under severe gper-

ating conditions, separation of unreacted seolids from liquid products,

and maintenance of the activity of hydrogenation catalysts.
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It is widely believed that a single-step catalytic hy-
drogenation process, such as the H-Coal procees, is the one most likely
to achieve rapid commercialization for the production of synthetic crude

718 While other processes, such as the SRC process,

0il from coal,}’
may be utilized to previde clean boiler fuels for power plants, it ap-
pears that the H-Cozl or z similar process is the most suitable for pro-
viding refinery grade crude oil in terms of cost, efficiency, and tech-
nological readiness. Other promising processes are currently undergoing
development, including the Unilon Carbide process, which has beenr chosen

by the Office of Coal Research fto be used in a 2600 ton per day (2.4 X 10°
kg/D) demonstration plant, However, details of this process are largely
proprietary, and furthermore hali of the produet output of the ﬁlant {(on

a Btu basis) will be in the form of high-Btu gas--the ligquid yield is

only 1.5 barrels per ton (0.26 m>/1000 kg) of coal,

Pbue to the substantial amount of analysis that has been

carried out on the H-Coal process,l'B its suitability for producing
syncrude, and its advanced stage of technological development, we have

choscen/it as the basis for secaling the impacts from coal liguefaction.

¢. Distribution

Due to the similarify between coal-derived syncrude and
natural crude oil, the most likely mode of distribution is through the
presently existing crude oil pipeline sysiem shown in Figure 4-4. De-
rending on the location of the syncrude plants, some new pipeline addi-
tions or extensions will undoubtedly be built., However, it is likely
that the location of crude oil pipelines, as well as the availability of
coal, water, etc., will be taken into account in siting the plants,

Once the syncrude has entered the pipeline distribution system, it will

probably be treated as another source of "sweet” {low sulfur) crude, as
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is presently dome with syncrude from Canadian tar sands, and distributed

to refineries as a supplement to natural crude supplies.

Onee the syncrude has entered the refinery and is blended
with natural crudes, its fate will become indistinguishable from that of
other crudes, and products derived from refining the blended syncrude
will enter the product distribution network along with other refined
products. Due to the high aromatic content of H-Coal syncrude, it is
relatively nmore saitable for the production of gasoline than distillate
fuel or other produéts.EI Thus, refineries that process sighificant
fractions of syncrude will undoubtedly produce an even larger proportion

of gasoline, relative to distillate fuel, than the 2 to 1 ratio that

characterizes the preseni average refinery produect slate,

The distribution of methanol derived from coal presents
a different problem. There is no pipeline network suitable for trans-
poriing methanol. Presumably such a pipeline system could be built, hut
in the eérly days of the industry there would not be the financial incen-
tive to do so. Thus, it is likely that methanol will be transported to
major distribution centers in the same manner as other liquid cheﬁicals,
via railroad tank car. If the industry grows to a large size and firm
markets are established, both volume requirements and economic incentiv;s
would probably induce the construction of product pipelines to the regions

of highest comnsumption.

The distribution of methanol to final consumption {cars,
trucks, and buses) poses additional problems of handling and storagé.
Sinee metﬁanol is compatible with gasoline as a blend, it is likely tao
be consumed initjially as a 10-15 volume percent methanol/gasoline blend.”
However, small amounts of water in the methanol tend toc cause phase sep-
aration in the gasoline/methanol mixture. To mitigate this prqblem, the

methanol should be stored and handled with special equipmént designed to

125



keep moisture out of the system, and blended with gasoline at the last
stage of distribution when the fuel is pumped inte the vehiele. Thus,
methanol is likely to be distributed through the same network as gaso-

1ine, but with separate storage and handling facilities,

Ultimately, assuming new engines are designed to operate
with pure methancl, some distribution facilities may be built solely to
handle methancl sales, but most of the methanol would probably continue
to be sold through gasoline distribution facilities (service stations)

githcr in the pure form or as a blend.

An alternative to locating a coal liguefaction or meth-
anol plant near Ehe mine and shipping the product to refining or dis-
tribution centers is to loeate the plant near these centers and snip
the coal to the plant. In cosl liquefaction, this is undoubtedly a more
expensive alternative than shipping syncrude via pipeline. However, the
tendency ot some western states, such as Montana, to encourage resgource
e%traction. while diseouraging energy conversion activities within the
gtate, will cause increased aitention to be dirceted toward this alter-

native.

To transport Lhe large guantities of coal required hy
svnihetic fuel plants, cither unit trains or coal slurry pipelines will
he ntilized. A single coal slurry pipeline could supply one or two
100,000-B/D (16.000 m® /D) plants. Four to five unit trains per day of
100-car length would be required to supply a single plant of the same
size. Assuming a two-day transii time between the mine and the plant,
about 20 to 25 unit trains would be required to be dedicated full time
to a single plant. Assﬁming scveral plants will be located in a par-
ticular area, say northern Illinois, an enormous supply problem can be
envisicned. Coal slurry pipelines will undoubtedly help relieve these

13
problems. However, at least one limiting factor will be the large

'
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amountes of water that are requirved for slurrying the coal--zbout 750
acre-ft per million tons (100 m®/1000 kg) of coal.'® Many western
states are reluctant to have scarce water supplies leave the stzte in

this fashion.

Further discussion of coal slurry pipelines and railroads
and problems involved in the large scale Llransporl of coal can be found
in Chapter 19,

2. 0il Shale
a, Extraction

The production of synthetic erude oil from oil shale in-
volves mining and processing an enormous amount of material--1.4 tons of
shale per barrel of oil recovered, on the average. This means that an
oil shale retorting and upgrading plant producing 10G,Q00 barréls
(16,000 m®) of syncrude per day must process about 50 million Lons
(4 5 % 102 kg) af shale per year. The mining operation for this plant
would be ten times larger than the largest underground coal mines now

in operation,

It is anticipated that most of the o0il shale lying in
underground deposits will be mined via the room-and-pillar technique.11
This is a conventional, well-established mining technoloéy whereby large
underground "vooms” (about 60 ft x 60 ft or 18 m x 18 m) are hlasted and
dug from the resource bed, and large "pillars’ are left standing between
the "rooms"” to support the roof of the mine. With Lhis method, about
60 percent of the resource in-place can be extracted and 40 percent isg

left in the form of "pillars.'*?

When oil shale lies in deposits near the surface, open
pit mining can be carried out. The overburden is first stripped away

and stored, then the shale is recovered, crushed, and retorted. After
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all the resource is removed from the mine area, the overburden is re- .y
placed, contoured, and revegetated, The feasibility of surface mining
0il shale is determined by the overburden-to-resource ratio and the

availabllity of an area for overburden storage.

A more complefe discussion of oil shale mining and spent

shale disposal and reclamation can ke found in Chapter 14.

b. Conversion

Conceptually, the technology of obtaining liquid hydro-
carbons from oil shalé is simple. The crushed shale is heated in a
closed vessel (retort) to a temperature of QODcF (480°C) or greater, at
which point the kerogen (the organic portion of the 0il shale) vaporizes
and is separated from the sulid inorganic portion of the rock. After
retorting, the shale 0il "is upgraded by means of hydrotreating (chemi-
cally reacting with hydrogen) fo yield a synthetic crudeloil, which is ;m
suitable for transport via pipeline and can be uged as a refinery feeq—

stogk,

The various methods for retorting oil shale differ in the
manner in which heat is generated and transferred to the shale. The sim-
plest method is the Fischer assay iechnique in which heat from an ex-
ternal source is transferred to the shale through the wall of the re-
tort. Any fuel may be used to supply the heat. Due to large capital
and operating costs, this methnd is unsuitable for commercial develop- :

ment. HWowever, it 1s commonly used on a laboratory scale Lo measure

the kerogen content of the shale.

Therc are four additional methods for retorting oil shale,
which are in various stages of development and which have the potential
for commercial application, These are discussed in the following

paragraphs,
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(1) Hot Solids or Solide-to-Solids Heating Method--

a

The TOSCO II process is the mbst advanced version of this technique,

In this process ceramic balls are heated by the combustion of hyproduct
gases and liquids and transferred fo the retort where they are mixed
with crushed, prehéated shale, Shale oil vapor is driven off and re-
covered, The ceramic balls are separated from the spent shale -{on the
basis of size) and subsequently reheated., A hipgh efficiency pf energy

recovery is achieved; however, capital and operating costs are high,

In the Lurgi-Ruhrgas version of this technique which has
been tested in 2 12 ton per day pilot plant in West Germany, spent shale
is used as the heat carrier. The spent shale is heated by combusting
the.cérbon residue which remains after retorting, together with addi-

tional fuel as needed.

The TOSCO IT process is essentially ready for commercial
application. Colony Develdpment Operation (a Jjoint venture of ARCO,
Ashland, Shell, and The 0il Shale Corporgtion) has successfulily com-
pleted tests on a 25 ton per day test unit and an 1100 ton per day semi-
works plant at Parachute Creek, Colorado. Colony had announced plans
to begin construction in April 197§, of a 50,000-B/D commercial plant
based on the TOSCO II process, These plans were later postponed, with
Colony citing rapidly inflating construction costs and uncertainties‘in

U.S. energy peolicy as the basis for its decision.?®

There are several other planned commercial operations in
which‘the TOSCO II retort will he used, Thesge iﬁclude the following:
a 50,000-B/D (8000 m®/D) plant planned to begin operation in 1982 by
ARCO, TOSCO, Ashland, and Shell as a joint venture on Colorado Tréct
C-b; the HinlBlanco 0il Shale Project, a joint venture on Colorado
Tract C-a by Gulf Qil and Standard of Indiana witt-l 30,000-B/D (8000

m® /D) initial production planned for 1980; the 75,000-B/D (12,000 m”/D)
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Sand Wash Project in Utah planned by TOSCO with start-up expected in o

1981-83.

(2) Gas-to-Solids Heating/Internal Gas Combustion

Method~-Crushed shale is fed to the top of & vertical retort and lew-
Btu byproduct gas is injected at the botfom. The gas is combusted in
the retort along with residual carbon on the spent shale, and the hot
combustion gases heat the shale, driving off the oil vapors that are

cottdensed at the top of the retort, The noncondensible gases are re-
cycled for combustion. Due to the lack of external heating eguipment,
this method is less costly than other types of retorts. Energy recov-

ery efficiency is somewhat lower, however.

The Ruresau of Mines tested a version of this technique,
czlled the Gas Combustion process, in 19266-67. No tests have been car-

ried out on this process since then.

The Union 0il Company version of thé process utilizes a T )
unique "rock pump’ which injects shale at the bottom of the retort while |
combustion gases are drawn down from the top by blowers, and retorted
shale oil is collected at the bottom. A 1000 ton per day (9 x 10° kg/D)
pilct plant was successfully demonstrated in 1957-58. A more advanced
version af this retort, called the steam gas recirculation (SGR) pfoc—
ess, was recently announced and a 1300 ton per day (1.4 x 10° kg/ D)
demoustration plant based on this process will be built on private land
in Colorade. (The S5GHR retort is actually an example of the gas—tn—soli&s,
external heat genération methed discussed in the next section.) Union
reportedly plans to have a 50,000-B/D) (B00C m°/D) commercial plant op-

erating hy 1880,

A third variation on the process has been constructed by
Developmnent Engincering, Inc. (DEI), the operating arm of Paraho Devel-

opment Corperation (a censortium of 17 firms). This process, usually

-~
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referred to as the Paraho retort, utilizes patented shale-feed and spent
shale-discharge grates, which provide a uniform flow of shaie through
the retort. Multilevel gas injectors are also used to carefull& control
the level of inecoming gases. DEI recently completed a successful 30-~day
run on its 500 ton per day (4.5 X 10° Kkg/D) test plant near Rifle, Col-~
orado, as part of a 30-month R&D program. Paraho has also proposcd to

canstruct and test a commercial size retort on the Naval 0il Shale Re-

serve in Colorado.

&
Both of the planned commercial vperations on federally

leased tracts in Utazh have propased to use qrimarily the Paraho retort.
However, since the Paraho refort can operate only on coarse shale, the

TOSCO Il process will also be used to deal with the 10 to 20 percent of

the cecrushed sﬁale that is too fine for the Psraho process. Sun 0il and
Phillins Petroleum have leased the U-a tract and propose to have 2 50,000-B/D
(8000 nf® /D) plant operating by 1978. The Vhite River Shale Corporation_(a
joint venture of Sun, Phillips, and Standard of Ohic) has leased the other
Utah tract (U-b) and is also planning a 50,000-B/D (8000 i /D) operation,

Due to the continguous nature of the two tracts, and overlapping ownership

in the two ventures, it is likely that these operatidns will be carried out

Jeintly by all the participants,

(3) Gas-to-Solids Heating/Fxternal Heat Generation

Method——Recirculéted byproduet gas is used as the medium ol heat trans-
fer; however, heating of the gas is carried out in the external furnace,
rathar than by combusting the gas and spent shale within the retort.
Some of the byproduct gas, carbon residue on the spent shale, or any
other suitable fuel may be combusted to supply heat to the [urnace.

During 1973, Paraho will begin testing a version of its retort which

operates with externally heated gascs.
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The Bragzilian national cil company (Petrcobras) has tested
a 2200 ton per day (2.0 X 10°% kg/D) version of the external gas heating
relort called the Petrosix process, The fests were sucecessful; however,

there are no plans for commercial application in the United States.

(4) In-S1tu Retorting--Shale rock is fractured in place

by explosives to form an underground retorting chamber. Air is injected
to combust part of the shale, 2nd retorting is carried out via heat trans-
fer from the hot combustion gases. Shale oil is collectea-from a hollow

mined at the hottom of the shale column.

Numerous tests of this methed have been made by various
companies. Commercial feasibility has not yet been demonstrated, al-
though recent tests by Garrett Research and DeveiOpment, a subsidiary of
Occidental Petroleum, appear promising. A& 30 X 30 X 70-ft (2 X 9 X
21-m) shale column was successfully retorted, resulting in a shale oil
vicld of about 60 percent. Fu?thér tests are planned on a 100 x 100 X
250-ft (30 % 30 X 76-m). column, with yields in excess of 70 perceﬁt
expected. If the Garrett or other tesis demonstrate the commercial
feasibility of in-situ retorting, the use of this method coulid cons;d—
e;ably reduce water consumption, spent shale disposal, and other prob-
lems presently associated with aboveground retorting. However, new
problems, such as surface subsidence and the release af large gquantitics
ot combustion gases, would be created, and these would need to be care-
fully managed. This method is expected to be less costly than any above-

ground retorting technique.

The TOSCO II process is the most advanced retorting method
tfor which a sufficient amount of information is avaiiable to provide the
scaling factors required for analysis. In addition, it has been jincor-
porated into the plans of a'majorify of the companies wﬁich will be ac-

tively developing oil shale. Thus, we have chosen to use it in our
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analysis of oil 'shale conversion. A block flow diagram showing the
steps in oil shale processing, from crushing through upgrading is shown

in Figure 4-3.

Subsequent to retorting, described previously, tﬁe shale-
derived gases and liguids must be processed to remove sulfur and nitro-
gen, and prﬁduce a syncrude that is suitable as a refinery feedstock,
The raw shale oil 1s separated into naphtha, gas oil, and residual -
fractions. The naﬁhtha and gas oil are sent to separate hydrotreaters
where they. are upgraded and desulfurized. The residual oil is scnt to
the coker'unit, wherg coke is produced along with additional naphtha and
0il, which are sent to the hydrotreaters. During hydrogenation of the
. naphtha and gas 0il sulfur and nitrogenrcompounds are converted to 1,8
and ammonia, which are separated in the sour water waste stream ﬁnd

subseguently recovered as ammonia solution and elemental sulfur.

The hydrogenated naphtha and gas oil are recombined and
leave the plant as synthetic crude oil, The high-Btu byproduct gases
from the retort are purified to remove HES and ammonia impurities, and
to remove uncondensed liquids (naphtha). All of these gases are then
consumed on site, either as plant fuel to provide steam and heat, or as
ieeu L0 Lne steam rezormlﬁg Turnaces, where they are reacted 1o form

hydrogen for the hydrotreaters.

Although it is conceivable that the raw shale o0il up-
grading could be carried cut elsewhere, transporting it via pipeline
would pose severe problems due to its high viscosity. IThc viscosity
is reduced in the process of upgrading and the syncrude product is

suitable for shipment via pipeline.
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C. Distribution

As in ecoal-derived synerude, the distrihution of upgraded
shale oil will undoubtedly be done via the present crude oil pipeline
network. Colony Development Operation has-proposed a pipeline system
that would originate in the Piceance Basin of Colorado and connect with
existing crude pipelines to carry shale syncrude to refinery centers. I
- Other pipeline connectors will undoubtedly be built as the oil shale
industry developé. Figure 4-6 shows the location of the existing crude
0il pipeline network in relafion to the oil shaie-bearing regions of

Utah, Wyoming, and Colorado.

3. Building Block Sizes

The sizes of building blocks which will make up the produc-
tion and transportation systems for synthetie liguid fuels from coal angd
o0il shale will be determined by many interacting factors. Among these
are the limiting physical size of the components of each building block,
the capacity at which economies of scale are achieved, and the level of
production or throughput that hest fits into the regionzl energy supply/
demand picture. For the first geﬁeration of synthetic liquid fuel -
plants there is another constraint on size--the amount of capital that,
private companies are wiltling to risk in a venture based on technology

that has not been previously tested on a commercial scale,

L]

An inspection:f the literature on current energy industry
practices and future p}ans for synthetie fuel plants guickly reveals
that there is a range of sizes that characterizes building blocks in
the synthetic fuels system. Table 4-1 shows the higher and lower sizes
in the range typical of each building block. These figures are not
meant to indieate ahsolute 1imiEs on sizes; rather thcy_are meant to

indicate what "large” and "small” building blocks look like in the
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context of a synthetic fuel supply system. For example, there are many
Appalachian coal mines that produce less than 100,000 tons (9 x 107 ke)
per year. However, these arc not considered to be viable building blocks

in the synthetic fuel system.

‘ ' Table 4-1

BUILDING BIOCK SIZES IN THE SYNTHETIC LIQUID
| FUELS PRODUCTION SYSTEM

Building Block Size
Building Block .,  Units® Small Large

Western surface coal mine tons/yr 1 million 10 million

Eastern underground coal

mine tons/yr 0.1 million & million
Unit train {(coal) tons of - 10,000
capacity
Coal liquefaction plant B/D ’ 25,000 100,000
Methanol plantg - B/N 35,000 200,000+
0il shale mine tons/yr 25 million 75 million

0il shale retfort and -
upgrading complex B/D 50,000 150,000

Crude oil pipeline B/D of 25,000 1.5 million
' capacity . (8 in.) (48 in.)
Refinery B/D 50,000 400, 000

*1 ton/yr = 910 kg/vr
1 B/D =0.6m/D
1 in. = 2.54 cm.

In spite of the range of sizes possible for the different

building blocks, there tend to he certainh nominal or "typical” sizes
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that characterize industry plans for.synthetic fuels, For coal lique-~
faction, the earliest commercial plants will probably be in the range of
25.000 to 40,000 B/D (4000-6400 m®/D). As the industry matures, the
plant sizes will probably increase to about 100,000 B/D (16,000 m® /D) .

There are fow indications that plants larger than this will be built,

The first planned commercial oil shale complexes are of the
order of 50,000 B/D (8000 m®/D). Later complexes of 100,000 B/D
(16,000 n®/D) or larger are cantemplated. Plants larger than 100,000

B/D (16,000 w2 /D) will probably be combinations of smaller uﬁits,

Consideration of methanol plant size is usually made by anal-
ogy with substitute.natural gas (SNG) plants. A plant using Lurgi gasi-
fiers, which processes the same amount of coal as a 250 million cubic
ft per day (7.1 X 10° m®/D) SKG piant (typical size) can produce about
81,200 B/D of methanol. Thiz is the approximate energy equivalent of a
40,000-B/D (6400 m®/D) syncrude plant. Although conceptual designs
have been carried out for much smaller coal~to-methanel plants, it ap-
pears that economy of scale will favor the larger plaﬁt cizes. Plants

with capacities in excess of 200,000 B/D (32,00d w®/D) are conceivable.

Recent trendsrin construction of the other building blocks in
Table 4-1 have been toward the higher end of the scale, However, to a
large sxtent synthetic fuel plants will bhave to interface with existing
facilities, which tend to be at thellbwer cnd ¢f the ascale, The coun-

try abounds with 8-in. (20 cm) pipeiines and refincries with capacities

well under 100,000 B/D (16,000 w*/D).

C. Material and Enefgy Flows

In this section the guantities of raw materials, respurce energy,
labor and capital required to produce a given quantity of synthetic fuel

are given and flows of these guantities are traced both through the
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extraction-conversion-distribution systems and to areas externzl to the
systems. Tracing the flows of these quantities is important to the
assessment of the social, economic, and environmental impacts of syn-

thetic fuels development.

1. Energy Efficiéncy

Singce the processes for converting so;id resources into syn-
thetic liguid fuels are themselves energy intensive activities; it is
important to identify both the sources of eneréy loss dufing conversion
and the requirements for external sources of energy to operate the con-
version plants, Additional energy will be consumed in the extraction, .
transportation, refining, and distribution stages as well, By dividing
the encrgy available for end ﬁse by the initial resource energy plus
all the external energy inputs into the system, we can obtain an overall

efficiency for the production of each alternative fuel.

We are concerned here only with the efficiency with which re-
source energy can be converted inte product energy. We do not address
the larger guestion of net energy, in which the encrgy requifed to man-
ufazcture and deliver the materials that go into the plant along with
secondary energy inputs are considered. HNet energy calculations are

carried out and discussed in Chapter .5,

a. Methanol from Coal

Figure 4-7 shows the energy balance for converting
39,000 tons per day (3.5 x 107 u®/D) of 8870 Btu/lb (2.1 x 10% J/kg)
Navajo coal inte 100,000 barreis (16,000 m®) of methanol.,'® Al1 energ?
consumed in the plant is derived from the initial coal input--no exter-
nal energy source is required. Of the 692 billion Btu per day (7.3 x
10t I/ entering the plant as the heating value of the cozl, 272 bil-
lion Btu (2.9 x 10°% J) exit the plant as methanol, 120 biliion Btu

1382
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(1.3 X 10** J) are in the form of bypreducts, and 300 billion Btu

(3.2 x 10** I end  up as waste heat, endothermic reaciion heat or in

the ash.lé

There are several ways to define thermal efficiency, all
of which are useful in difference contexts., TFor this study we wish to
know the efficiency with which the energy in the initial resource (cozal
in this case) can be converted into energy in the form of the alterna-
tive fuel of interest, With this definition, we simply divide the
heating valﬁe of the methanol by the heating value of the coal to

obtain:

272 x 10°

m = 39.3 percent,

Efficiency (coal-to-methanol} =

(Iif the byproduct higher alecohols (ethanol, prnﬁanol, ete.) are not
separated but remain blended with the methanol, the pfoduct is called
"methyl fuel," The cozl-to-"methyl fuel” efficiency is only slightly

greater, however, 39.6 percent.)

It is important to note that in this case significant
quantities of combustible byproducts are produced ﬁlong with the
methanol--about 110 billion Btu per day (1.2 % 10* J/D). If these
byproducts are counted as part of the total useful product.energy we

have

272 + 110

Efficiency (coal-to-products) = ___EEE_-_ = 55,2 percent,

One final accounting method that is useful in comparing
one alternative fuel wiih another and in computing net energy is the
primary resource enargy/ancillary energy method, Primary resource

engrgy is defined as the initial energy content (heating value) of the
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resource that is actually processed into the final product. The ancil- e
lary resource energy is the emergy content of the resource which is

required to provide the electricity, steam, or general fuel to }up the

process. This concept is especially useful when the resource from which

the ancillary energy is derived is different from the primary resource.

In the coal-to-methanol conversion, 228 billion Btu
(2.1 x 10** J). of ancillary resource energy arc required to convert
464 billion Btu (4.9 x 10*? ) of primary resource into 272 billion
Btu (2.9 x 101* J) of methanol. The 52 billion Btu (5.5 x 10** J) of
off-gas from methancl production are mot counted in the ancillary energy
requirement since they are generated internally and do not place any de-

mand on external resources.

The primary and ancillary resource energy requirements

for producing 101? Btu (1.1 % 10'® J) of methanol are tabulated in Ta-

ble 4-2 below. - .

Table 4-2

COAL-TO-METHANCL ENERGY REQUIREMENT

1032 Btu 108 g

Methanol energy 1.00 ) 1.06

Primary resourge energy 1.71 _ 1.80

Ancillary resource energy 0.84 ¢.848
b, Syncrude from Coal

The energy balance for converting 55,200 tons per day
(5.0 x 107 kg) of 7800 Btu per lb (18 x 10° J/kg) Powder River coal

into 100,000 barrels (16,000 m®) of synthetic crude oil via the KE-Coal —

142




8.'% This process has been designed to

process is shown in ¥igure 4-
produce only plant steam and heat on=-site. An additional 144,000 kW of
purchased electricily is required to operate the plant. The 33 billion
Btu per day (3.7 x 10'2 J/D) of ancillary resource energy required to

produce this quantity of cleetricity (assuming 33 percent conversion

efficiency) must be taken into account in the energy balance.

Unlike the coal-to-methanol process, this plant has been
designed to utilize all byproducts within the Qlant, The ¢oal char and
vaciuum bottoms (derived from fractionation of the coal hydrogenation
product) ave gasified to produce hydrogen, and part of the high-~Btu
byproducl gas is steam reformed to produce hydrogen. The remaining gas
is burned to provide process steam and heat (93 billion Btu per day or
9.8 % 102 1/p).®. A1l the usable product energy is in the form of

synerude.

The efficiency for converting the initial ccal resource

into synthetic crude oil is:

567
— = 63.3 percent.

Efficien oal-to- d = T———
ficiency (c o-syncrude) 861 + 5

r

We have assumed that the 35 billion Btu per day (3.7 x 10'%® 3/D} of

resource input into electric power generation are in the form of coal.

The primary and ancillary resource energy required to

produce 10*° Btu of syncrude are shown in Table 4-3,

c. Synerude from 0il Shale

The encrgy balance for oil shale mining, TOSCO II re-
torting and upgrading is shown in Figure 4-9_ 18
this balance since it is considered to be an integral part of the oil

shale operation, Al]l the process energy requirements are generated
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Mining is included in
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on-site by the combustion of byproduct gases and fuel oil except for

170,000 k¥ of purchased electricity.!?

Table 4-3

COAL-TO=-SYNCRUDE ENERGY REQUIREMENT

10’2 Btu 105 g

Syncrude energy 1.00 1,06
Primary resource energy 1.31 1.38
Ancillary resource energy 0,27 . 0,28

The thermal efficiency for converting oil shale to syn-

crudc is:

580
Efficiency {(ovil-shale=-to-gynerude) = Egg = 67,6 percent,

Striectly speaking, the resource (probably coal) required
to produce the electric power for the plant should be included, so that

the resource-~to-synecrude efficiency is:

580
= B4.4 percent,

£ Tece-to- de) = ———
fficiency (resource-to-syncrude) 858 + 42 .

The efficiency for conversion of resource to useful prod-

uci energy, including byproduct coke, is:

].'. t f c1enc resource to- Toou tS = ——— erce
1€l c p
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