—44—

use teday, but rather it is meant to indicate that synthetic jet fuels
may be similar tc naphtha-based wide—cut* jet fuels, such as JP-4, ot
kerosene-based narrow-cut* jet fuels, such as JP-5 or JP-8.

The USAF Scientific Advisory Board Ad Hoc Committee on Future Alr
Force Energy Needs has recommended that the Air Force make the transi-
tion from JP-4 to JP-8, This recommendation was prompted by the con-
siderabie competition that existe for the naphtha fraction of crude
0il, particularly for the production of low-lead and lead-free gasoline
and for petrochemical feedstocks, which is driving the costs of naphtha-

(24)

based JP—4 into the premium fuel category. A recent DoD directive
has.been jssued prescribing that all new turbine-powered aircraft be
designed to operate on JP-8, as well as on JP-5 and JP-4, which should
give the DoD more flexibility in procurement of aviation fuels in the
future.(ZS) ‘
A synthetic jet fuel with éharacteristics similar to the kerosene-
or naphtha-based jet fuels in use today probably represents the best
compromise between volumetric and gravimetric heats of combustion of
any of the fuels note& in Table 2. The fact that such a fuel would
also be largely compatible with existing patterns of jet fuel storage,

distribution, and use also makes a synthetic JP fuel attractive.

FUEL PRODUCTION PROCESSES

Qverview

A multitude of possible techniques exist for producing the three
synthetic jet fuel candidates from the various U.S. domestic energy
resources. Figure 23 illustrates a representative, but by no means
 exhaustive, set of techniques for producing the fuels from emergy te-
source alternatives to diminishing reserves of domestic crude oil and
natural gas, HNote that_sevqral_of the primary energy resources, in-

cluding coal, could, in principle, be used to produce any of the jet

*Wide—cut and narrow—cut refer to the boiling temperature range
over which each fuel is recovered during the distillation of the grude-
0oil product (whether it be a petroleum crude or a synthetic crude de-
rived from coal or oil shale).
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Fig. 23——Overview of synthetic fuel production processes

fﬁels of interest. 0il shale could also assume such a role, although
attention thus far has focused on deriving premium liquid crude feed—
stocks from oil shaie.

Note also in Fig. 23 that hydrogen can be derived from water using
any ol the energy resources that many postulate will be the ultimate
major socurces of energy for the United States and the world (e.g.,
solar, nuclear fusion, and nuclear fission). This attribute may be-
come increasingly important at some time in the indeterminate future
when fossil resources may become too valuable to use for energy purposes.

The production of the hydrocarbon fuel alternatives, synthetic JP
and liquid methane, from renewable resources is more limited. In par-

ticular, a long-term commitment to the use of biomass or waste producrs
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seems to be the only alternative if fossil fuels are not available at
some indefinite time in the future. This discounts the pessibility of
using atmospheric carben dioxide as a source of carbon in the synthesis
of these fuels. The limited investigations of this concept suggest
that.such a process would be extremely costly both in an energy and in
a fiscal sense.(zé’z?)

Figure 23 illustrates some of the potential opportunities for syn-
ergism between the different energy supply processes. For example, the
electrolysis of water using nuclear—generated electricity results in
hydrogen and oxygen. The hydrogen might be used directly as a gaseous
. fuel, liquefied for tramsportatlon applications, or pipelined to a con-
ventional refinery for use in the refining of crude oil. The oxygen
produced by electrolysis might profitably be used in a coal gasifica-
tion plant, where air separation facilities normally constitute a major
component of plant costs.

When one considers the resource base of each of the resources in
Fig. 23, the present and foreseeable technology for converting these
resources into the jet fuels of interest, and the evolving encrgy Ré&D
technologies being emphasized in the United States today, pafticular
resources and techmologies assume greater impertance than others during
the 50 year time period of interest congidered in this fuels assessment.
In particular, the size of the domestic coal resource base the maturity
of the coal extraction industry, the fact that coal gasification pro-
cesses are on the verge of commercializatiom, the fact that large coal
liquefaction demonstration plants are scheduled to be built during the
next three years, and the aggressive efforts of ERDA in developing ad-
vanced coal conversion techmologies all tend to indicate that coal's
role in supplying energy to the United States will expand significantly
between now and the end of the ceatury. For similar reasons, much the
same can be said of oil shale’s future role in supplying energy.

Assessing the potential future contribution of the other carbona-
ceous resources is more difficult. Domestic tar sand rescources, par—
ticularly in comparison to the other fossil resources, do not appear
adequate te support a major synthetic fuels industry. Some technologies

for pgenerating energy from urban wastes have already been commercialized,
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although the emphasis te date has been on either cirect combustion for
electric power generation or the conversion of wastes to liquid or gas-

(28,29)

eous f{uel forms for local power generation. There are still

many unanswerad questions relating to the ultimate role of energy
(30)
crops,

The discussicon below gives au abbreviated overview of the produc-
tion of the three jet fuel alternatives using coal and oil shale as
energy sources, Also discussed is the production of hydrogen using
nuclear power as an energy source, probably the most viable noncar-

bonacenus energy source from which hydrogen may be produced, at least

throughout this century.

Synthetic JP Production

Synthetic JP from Coal. Synthetic JP production from coal has

two majox process steps: (1) coal liguefaction te produce a svnthetic
crude oil, and (2) the Tefining of that synthetic crude oil to jet
fuel and other products. The liquefacrion and refining facilities may
be separate or integrated. The conversion of coal into a liquid basi-
cally entails reducing the carbon-to~hydrogen weight ratic, almost
always by adding hydrogen, The hydrogen is usuially derived from water
{in the form of steam). The energy to genérate the steam and to sep-
arate the hydrogen from water is most economically obtained from the
coal itself.(3l’32)
Some of the key parameters associarted with the four major tech-
nologies for producing coal liquids are shown in Table 3. None of the
technolegies have yer been commercialized in the United States, al-
though pilot plants using the first three technologies have been built
or are scheduled to be completed before tﬁe end of this decade. In
the comparative fuel evaluation presented later in this section, the
direct hydrogenation H-Coal process is used as a representative coal
liquefaction technology because it provides the largest yield of
ligquid products, provides a premium synthetic crude oil suitable for
refining inte jet fuels, and because it is a process that is receiv-

ing strong support from IRDA,
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The technology for refining crude oils into a spectrum of products
is highly advanced in the United States. Major oil companies in cooper-
ation with ERDA, NASA, the Navy, and the Air Force are now attempting
to determine through analytical procedures and experimental tests the
unique pracess requirements for refining coal syncrudes into military

(34) and the Atlantic Richfield

fuels. Early work by the Sun 0il Company
Company (ARCO)(BSJ is now being extended by the Exxon Research and
Engineering Company under contract te the Air Force Aero-Propulsion
Laboratory to assess the feasibility and process requirements for pro-
ducing jet fuels from coal-derived crude cils. Following an experimental
phase, material, equipment, and processing requirements will be assessed
overall, as will the potentlal increase in jet fuel availability as a
function of broadened specifications.(36)
The results of these studies indicate that the distillation of
coal syncrudes produces more material in the kerosene (narrow—cut jet
fuel) boiling range than is the case with typical natural crude oils
(Table 4). This is a favorable result, since the major proportion of
DeD liquid-fuel consumption is in the form of jet fuel, This could

assume even greater importance in the future as the Air Force changes

from wide-cut, naphtha~based JP-4 to narrow-cut JP=8,

Table 4

DISTILLATION YIELDS OF CRUDE OIL AND COAL SYNCRIDE

Distililation Yields
(volume percent)
East Texas H-Coal COLD
Boiling Range (°F) Crude Syncrude? | Syncrude?
¢°-400 (gasoline) 40 37 33
400-515 (kerosene) 14 26 27
525-6590 (heating oll) 12 17 24
650-975 (fuel o0il) 20 20 16
975+ _14 i ==
100 100 100

SOURCE: Refs. 31 and 35.

aDerived.frOm I1linois No. 6 coal,
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Nevertheless, virtually all of the laboratory experiments to date
suggest that straight-run distillation of synthetic coal crudes will
not pro&uce a product that can meet current jet fuel specifications,
but rather results in a product high in aromatic content and deficient
in hydrogen. This high aromatic content can create hot spots and burn-
throughs in jet engine combustors, generate excessive smoke and infrared
signatures, raise fuél freezing points, and accelerate the wear of en—

. gine seals.(5’37’38)

However, rhese same laboratory experiments indi-
cate that high-pressure hydrotreating (1000 to 3000 psi), which is anot
uncommon in today's refineries, can reduce the aromatic content to a
few percent, resulting in a fuel product that can meet most of current
jet fuel specifications. The experiments also suggest that the amount
of processing required can be a strong function of the coal and ligque-
faction process used. For instance, the ARCO results indicate that
middle distillate fractions of syncrudes from western coals have less
than one-half the aromatic content of midwestern coals, which could
have an important bearing on refining costs.

in summary, current evidence suggests that coal syncrudes can be
refined into jet fuels rhat meet most of current narrow-cut jet fuel
spe;ifications, given some hydrotreating of the kerosene fractiomn.
(The analysis in the next section assumes a refinery with both hydro-
treating facilities and hydrocracking facilities to maximize jet fuel
production.) The optimum tradeoff between hydrotreatment at the re-
finery and new or modified engine designs to cope with off-specification
fuels has not yet been determined. It is not yet apparent whether coal
syncrude refineries will initielly be dedicated facilities or whether
a more ecomomic strategy will be to blend coal syncrudes with existing
natural crude oils before refining.

Synthetic JP from 0il Shale. Synthetic JP production from oil

shale involves (1) a retortimg process in which the shale is crushed
and heated to release the crude shale oil product from the shale,

and (2) the refining of the crude éhale oil into synthetic JP and other
.products. The oil shale may be mined and processed in a surface retort

or processed in sity and pumped to the surface.
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The three major processes closest te commercialization are the
PARAHO process, the TOSCO-II process, and the Union 0Oil process—-all
developed largely by private sector R&D. ERDA and Occidental Petra-
leum are concentrating on the in siiu techniques, Which.may allow the
recovery of oil from shale deposits that are not readily recoverable
using conventional mining techniques and at the same time reduce the
problems posed by spent shale disposal.(29’39’40)

Crude shale oilszderived from majer domestic deposits in Coleorado
have been refined in laboratories and in a conventional crude-oil re-
finery. The results of these tests indicate that it.is both feasible
and practical to refine crude shale oil inte military fuels meeting
most product specifications. The largest program to date was sponsored
by the Navy Energy and Natural Resources R&D Office im which 10,000
barrels of crude shale oil were refined in a conventional crude-oil
refinery.(39)

The refined fuels, including JP-4, JP-5, and JET-A, while meeting
most specifications, were found to be high in particulate matter and
gum content and exhiblted pcor storage and thermal stability. How-
ever, in the judgment of the.investigators, these problems were proba-
bly a consequence of the particular refinery setup and could be amelio-
rated by higher pressure hydrogenation (2000 to 3000 psi) and clay
ﬁreatment. The refined fuels were delivered to a number of government
laboratories, including the Air Force Aero-Propulsion Laboratbry,
for test and évaluation. After further treatment, the JP~4 was suc-
cessfully used on a routine T-39 flight.(sg)

The other major refining experiment now currently under way is
Exxon'e refining of coal syncrudes and shale syncrudes inte jet fuels
for the.Air Force Aero-Propulsion Laboratory. Exxon is refining barrel-
gquantity samples from thé PARAHO, TOSCO, and Occidental processes.
Preliminary results reported by Exxon indicate that most specifications
for JET-A and JP-4 can be met. All of the fuel blends produced in
Exxeon's laboratory setup using normal severity hydrotreatment had satis-
factory thermal stability. Exxon has alsco observed that only the TOSCO
shale-oil product provides a reasonable yield of wide-cut, JP-4-type

jet fuel. They attribute this to the fact that masny of the development
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facilitles uée the light condensable liquids and gases as fuel within
the processes. They also attribute the small quantity of wide-cut
material to the high altitude of the facilities, which causes the
product to lose lts more vyolatile components in the heated storage
tanks.(36) Whether this will continue to be the case with full-scale
commercial facilities is an open question.

In summary, results indicate that shale oils can be refined to
meet most or all of current jet fuel specifications and alse that they
can probably be refined in existing crude-oil refineries with only
modest adjustments toe those facilifies., Whether economics will ulti-
mately dictate that shéle oils be refined to current specifications or
that future engines be designed te operate on a broader range of fuels

has vet to be determined.

Liquid Methane from Coal

The production of liquid methane from coal involves (1) a gasifi-
cation process that can occur above ground or Zxn situ to convert the
coal into a raw synthesis gas, {2) a methanation step to upgrade the
mechane content of the gas, and (3) a liquéfaction process to cool the
gas to its liquid state of -249°F.

Characteristics of the major surface coal gasification techniques
are noted in Table 5. Present utility and pipeline company planning
indicates that the Lurgi process will probably constitute the backbone
of any initial commercial-scale coal gasification industry in the United

States.(29’33}

FRDA has recently awarded phase I (design phase) con-
tracts te two contractors for demonstration size facilities that will
process from 2000 to 7300 tomns per day of coal using a slagging Lurgi
process and the COGAS process (coal-oil-gas, a variation of the COED
coal liquefaction process). The entire demonstration program is sched-
uled to be completed by 1984, Because preseat planning Suggests that
some version of the Lurgi process is likely to be one of the first

coal gasification technologies commerclalized domestically, the com-
parative fuels evaluation presented later in this section assumes Lurgi

technology is empluyed to produce gaseuvus methane.(29’33)
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Once coal has been gasified and the resulting synthesis gas me th~
anated, it can be introduced into conventional high-pressure pipelines
For distribution to a methane liguefaction plant that would normallj
be located near an air base to minimize the problems of distributing
large quantities of cryogenic methane.

The technology for the liquefaction of natural gas on a large com-
mercial scale is well established, with major plants being located in

Algeria, Libya, Bornec, the USSR, aund Alaska.(aé)

The basic liquefac-
tion process consists first of purifying the gaseous methane, to ensure
that no hydration ot solidification of impurities occurs to block pas-
sages in the liquefaction heat exchangers, Typically, the gas is then
cooled through a heat exchange process Lo a temperature of -259°F,
The 1iquid methane is then stored in insulated tanks for later use.(45)
Large methane liquefaction complexes typically derive their elec-
trical energy for compreésion equipment from the gaseous methane enter-
ing the complex. These fuel expenditures, together with losses,
account for about 17 percent of the gaseous methane entering the lique-
faction plant.(hsj
Tn summary, technologies commercially proven, albeit in other
countries, or new technologies underv development in this country,
could be used to convert coal to a liquid methane fuel suitable for

aircraft applications.

Liquid Hydrogen Production

The production of liquid hydrogen congidered here involves (1)
obtaining gaseous hydrogen via coal gasificétion or water~splitting
processes, (2) a possible purification of the gaseous product, (3)
the liquefaction of the gaseous hydrogen, and (4) an ortho to para
energy conversiom of the liguid hydrogen that renders it suitable for
storage,

The traditiocnal method of producing gaseous hydrogen from epal con-
sists of reacting coal with steam and oxygen to form a synthesis gas.

A subsequent water gas shift reaction and removal of the carbon diox-~

ide and residual carbon monoxide result in a gas rich in hydrogen.(43’46)
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Although the current emphasis in the United States is on the de-
welopment and commevcialization of high=-Btu coal gasification processes,
these same processes already described could be used with some modifi-
cations to produce gasegus hydrogen. The modifications would include
a requirement for water gas shift equipment to increase the hydrogen
and carbon monoxide content of the synthesis gas at the expense of
methane production.(46) The analysis of the three fuel alternatives
as derived from coal, to be presented in a succeeding subsection, pre-
sumes that the above modifications arc made to a Lurgi high-Btu coal
gasification plant to enable it to produce a gaseous hydrogen product.
A less traditional second-generation approach is being explored by the
Institute of Gas Technology under ERDA sponsorcgship, in which hydrogen
ie produced by the decomposition of steam by iron oxide. A small
pilot plant was scheduled to begin operating during the last quarter
of 1976 to demonstrate the feasibility of producimg hydrogen for
1yeAs® high-Btu coal gasifiers using the steam—iron approach.(43’47’48)

Gaseous hydrogen can also be preduced using nonfossil resources
by splitting water molecules electrolytically, thermally, or thermo-—
chemicaliy. Water electrolysis is a simple, clean, proven technology
for generating hydrogen, Numerous analyses have shown that the large
electricity requirements of the process result in electrelytic hydrogen
costs two to three times as much as h&drogen preducad from coal. Un-
dergtandably, then, there is much interest in developing alternative
water-gpliteing schemes to reduce energy requirements and costs.(49_52)

Because of the enormous technical problems associated with pro-
ducing hydrogen by the direct thermal decomposition of water, research-
ers have begun investigating the feasibility of thermally decomposing
water by a sequential operation of multistep chemical reactions.(sa’sa)
Preliminary laboratory investigation of this technique indicates that
it might theoretically approach the efficiency of coal gasification

(50)

processes sometime in the future, Hence, while 1t is now in a

primitive state of development, thermochemical water-splitting may

represent a long-term nonfossgil-based option for preducing hydrogen.
Whether the gaseous hydrogen is produced from coal or by water-

gplitting Lechniques using nuclear energy, it must be purified and
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liquefied and must undergo an ortho to para energy conversion to render
it suitable for storage and eventual use in an aircraft; otherwise,

as much as 70 percent of the ligquid product could be lost due to boil-
off, The basic technology for liquefying hydrogen on a large scale

was developed in support of the U.S. space program, the largest commer-
cially built and operated plant has a capacity of 60 tons per day of
-liquid hydrogen. However, the scale of production would have to be
significantly increased to suppert aviation applications; about 2500
tons per day might be required to support a large airport or air
base_(55,56)'

Hydrogen liguefaction is an extremely energy-intensive process,
requiring large amounts of electric power to drive the compression
equipment used in liguefaction. A recent and comprehensive study of
hydrogen liquefaction by the Linde Division of Union Carbide indicates
that a lurge liquefaction facility would consume 5.67 kWh(e) for evetry

(55 At curtrent thermal to electrical con-

pound of hydrogen liguefied.
versiop efficiencies, the thermal energy required to generate the alec—
tricity to liquefy the hydrogen exceeds the energy content of the
hydrogen itself. TFor this reason, unlike methane ligquefaction facili-
ties, hydrogen ligquefaction plants typically do not use gaseous hydro-
gen as a source of energy for power generation but rather use purchased
glectric power generated offsite. '

Linde estimates that with equipment improvements, employing only
a partial ortho to para energy conversion {(requiring that consumption
occur within 50 hours after liquefaction) and improved tail gas re-
covery, the electric power requirement could be reduced by 19 percent
in the post—1985 time period. They also estimate that tail gas recovery
and reductions in leakage could halve gaseous hydrogen losses in the

(55)

liguefaction process. However, even with these improvements, the
hydrogen liquefaction process would remain very energy-intensive, with

costs being very semsitive to the cost aof the electric power.

QBSERVATIONS

We have surveyed major domestic energy resource alternatives

to erude oil and natural gas that might be used in the synthesis
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of military jet fuels in the future, the characteristies of the most
attractive zlternatives, and some of the production processes by which
the fuels might be obtained. This survey indicates that jet fuels de-
rived from oil shale and coal have the potential tor beginning to make
a contribution to jet fuel supplies between now and the end of the cen-
tury because of the size of the resource bases and the pace of develop~
ment of fuel conversion technology for these resources. The compara-
tively small size of the U,S5. bituminous tar sand rescurce base and the
lack of aggressive efforts to exploit this resource make it unlikely
that tar sands will be a major energy source for Jjet fuels. The cur—h
rent technology emphasis for exploiting organic energy sources is not
directed toward producing synthetic liquids suitable for jet fuel pro-
duction but rather toward solutions to urban waste problems, in the
process generating useful energf {primarily electricity) for local con-
sumption.

Liquid hyvdrogen appeatrs to be the only jet fuel readily producible
from noncarbonaceous energy resources, primarily through the use of
heat and/or electricity for water-splitting. However, these processes
are markedly less economic than producing hydrogen from cozl, beoth in
an energy scnse and in a cost sense. For thls reason, 1t seems highly
unlikely that any initial liquid hydrogen jet fuel industry in the
United States would rely on an energy resource other than ceoal.

Thus, a pragmatic view of the resources and technologies involved,
subject to change as the long-term technologies develeop, is that at
least between now and the end of the century, coal and o0il shale are
the most attractive domestic energy resource alternatives to crﬁde oil
and natural gas for the production of synrhetic JP, liquid methane, or
liguid hydrogen, Since development of fuel conversion techmnology for
oil shale 1g focusing on the production of distilliate products, such
as synthetic JP-type fuels, a comparison of synthetic JP derived from

0il shale and coal is subsequently examined in Sec. IV,

COMPAKISON (OF JET FURL ALTERNATIVES DERIVED FROM COAL

To compare the three jet fuel altermatives on a comsistent basis,

the individual energy comnversion facilities employving the technologies
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already described were assembled into representative fuel supply systems
with specific coal resource supply locations and fuel consumption points
(Fig. 24). The previously described assessment of resourceé, plus ma-
terial in the appendix, provided the necessary information to locate
major coal deposits, while a representative, yet manageable, basing
scheme was adapted from a related applications analysis of very large
airplanes.(g) The fuels are first compared in terms of the energy re-

quirements for their production and distribution.
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Fig. 24— Fuel supply paths

Energy Requirements for Fuel Production

Consideration of the energy expenditures required for fuel produc-
tion is motivated by several factors. An understanding of the technical
reasons why certain fuel production procésses are more energy-intensive
than others can lead to a greater understanding of the reasons why
fuel alternatives differ in cost. Consideration of the energy required

to produce and distribute a fuel also permits a complete assessment
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of the totai energy intensiveness of a given aircraft-fuel alternative,
including mot just the fuel burned on board an aircraft, but alsc the
energy required to convert the fuel to a form suitable for use in an
aircraft. Tinally, it seemed prudent to identify the total energy re-
quirements that particular fuel alternatives would impose on the nation's
energy resource base, since the Alr Force will be competing for these
energy supplies with many other users in the marketplace.

Figure 25 shows the major components of representative fuel supply
systems being developed from a variety of sﬁurces.(11’28’31’43’45’46’55_60)
Let us focus first on the details of the liguid hydrogen supply systen.
Typically, surface—minedlwestern coal could be transported from the mine
a short distance (about ten miles, for example) via a diesel train to i
a cdal gasification plant that uses Lurgi technology, where the coal
would be gasified; shifted, and purified to hydrogen. The long-haul
distyibution leg would consist of a high-pressure pipeline to a lique-
faction facility near the air base. The example shown is equivalent
to pipelining the gaseous hvdrogen fxum the Wyoming Powder River Basin
to the West Coast of the United States, a distance of about 900 miles.
The gaseous hydrogen would then be converted to a liquid state, would
undergo the ortho to para conversion, and would then be stored in cryo~
genic tanks for ultimate distributiop to an aircraft fueling manifold
via a short liquid hydrogen pipeline about two miles in iength.

In Fig, 25, the numbers enclosed by dashed lines trace the flow
of resource energy (energy derived from the primary energy resource--
coal) from extraction teo ultimate distribution. In this example, 289
Btu of coal are required to deliver 100 Btu of hydrogen and. 35 Btu
of by-products. Of course, other energy must also be expended to fuel
the diesel train, build the facilities, generate the electricity re-
guired for liquefaction, ete. This energy, termed process energy, is
shown below the elements of the fuel supply system. OFf primary interest
is the large process energy expenditure associated with hydrogen lique-
faction and the ortho to para conversiom, which is roughly equivalent
to the resource energy content of the gaseous hydrogen entering the
facility. As a consequence of this expenditure, about 3.2 Btu of energy

must be input for every Btu of liquid hydrogen and by-products cutput.
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Thus, the liquid hydrogen supply process is significantly more energy-
intensive than today's crude-oil supply system, which requires about
1.2 Btu of energy imput for every Btu of refined products output.*

The components of the liquid methane system are essentially anal-
ogous to the liquid hydrogen system., A Lurgi gasifier is also used
~in the liquid methane supply system, but in this case the product gas
undergoes a methanation reaction which results in a pipelime quality
gas which is high in methane. The liquid methane supply process re-—
gquires less eﬁergy than the liquid hydrogen process, primarily because
methane liquefaction requires only about 10 to 15 percent of the elec-

(43)

tric power required for hydrogen liquefaction. In this instance,
the literature suggests that typically, part of the gaseous methane is
used to generate the electricity for liquefaction because the seale

of electricity required is sufficiently low as to not preclude on-site

(28,43,45) With resource energy (the gaseous methane)

power generation.
supplying the energy for electric power generation, the procéss energy
shown in Fig, 23 for methane liquefaction accordingly reflects only
the energy required to build the facility. The methane supply process
aiso requires less energy than the hydrogen process because pipelining
gaseous methane requires only about 20 to 25 percent of the pumping
energy required when pumping gaseous hydrogen. This is in part due to
the lower volumetric heating value of hydrogen (275 Btu per standard
cubic foot versus 912 Btu pexr étandard'cubic foor for methane).czl)
The energy accounting shows that 1.9 Btu of energy must be input for
~every Btu of liquid methane and by-products output. |

For the synthetic JP supply system, more coal is required than for
the other two alternatives. This is because it is estimated that less
than one-half of every barrel of syncrude produced by the H~Coal high-

pressure hydrogenation process could be refined to yield a kerosene-

" 1ike jet fuel; the bulk of the remainder constituting unleaded motor

*All of the energy values cited in the comparison zre net ar low
heating values, in which the heat of condensation of water is not in=-
cluded. This is appropriate for controlled combustion systems such as
aircraft engines, in which the combustion products are discharged as
a gas.
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gasoline, which should find a ready market around the year 2000_(31)
Thus the greater coal requirement is a direct reflection of the greater
amount of energy being delivered. The comparatively large process
energy requireﬂ for syncrude refining is also significant. This is a
consequence of the hydroprocessing that the coal syncrude must underge,
primarily because of the characteristically high aromatic content of
coal syncrude liquids. In the example shown, the syncrude refinery

is structured to maximize the output of jet fuel by hydrocracking the
heavier distillate fractions to jet fuel and lighter products, primarily
gasoline. If a lower_yield of jet fuel were acceptable, the energy
requirements could be reduced. The energy accounting shows that the
synthetic JP supply process requires that 1.7 Btu of energy be input )
for every Btu of synthetic JP and by-products output.

The energy.expenditures shown in Fig. 25 are largely characteris-
tic of current or short—term technology., The energy ratios shown on
the far right might result if some postulated improvements in the fuel
supply systems were to occur in the future. As might be expected, be-
cause the hydrogen supply process is highly energy~—intensive, it profits
the most from possible improvements in technology. In developing pos-
sible future enmergy ratios, it was assumed that hydrogen gasification
efficiency might be increased to 70 percent with the introduction of
advanced second-generation equipment. A modest 4 percent reduction in
pumping energy required for the gaseous hydrogen pipeline is assumed.,
The most significant improvement would be due to better thermal to
electrical conversion efficiencies-—from the 33 percent efficiencies of
today to an optimistic 50 percent in the future. It is further assumed
that the improvements in the hydrogen liquefaction process discussed
earlier could be implemented, with the exception of the partial ortho
to para energy conversion requiring consumption within 50 hours of
production. This does notL seem viable from an Air Force perspective,
because of the uncertainty of needing to draw large quantities of fuel
out of storage for contingency situations on an irregular basis. Ad-
ditionally, analyses of hydrogen storage requirements, which considered
the reliability of the individual upits of the liguid hydrogen supply

process, have indicated that a storage capacity equivalent to 4 to 13
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days of daily production could be required to assure a continuocus supply
of liguid hydrogen during subsystem module productiocon outages.(Eé} In
developing the future energy ratio, it was further assumed that the loss
of liquid hydrogen in pipelining it to the aircraft fueling manifeld
might be halved if extensive efforts were made to recover vapcrized
fuel. This is a particularly optimistic assumption, since NASA experi-
ence with handling liguid hydrogen for space applications indicates
that only about two-thirds of the liguid hydrogen delivered to the
Kennedy Space Center is actually used in launch wehicles; the remain-
der is lost during tanker transfers, tc boil-off during storage, and
for fﬁlfilling gaseous hydrogen requirements for purging tanks, etc.(ﬁl)
For the liquid methane supply process, it is alseo assumed that
gasification efficiency improves to 70 percent, the gaseous pipeline
energy requirements are reduced by 4 percent, and energy losses in the
liquid methane pipeline are halved. For the synthetic JP process, it
is assumed that the energy intensiveness of the syncrude pipeline is
improved modestly. The rather severe energy requirement for the syn-
crude pipeline shown ianig. 25 is based on the assumption that all
of the pumping energy is derived from electric power. This assumption
was more a result of lack of clear available information on other more
efficient types of pipeline pumping than on any technological limita-
tion on using cther more efficient energy sources for pumping.csy)
The admittedly optimistic set of assumptions for future improve-
ments in the ligquid hydrogen supply process was deliberately assembled
" to test the hypothesis that liquid~hydrogen-fueled aircraff wounld be
iess energy-intensive in the future than the other alternatives. How-
ever, even with this rather optimistic outlook, a related Rand analysis
indicates that for a large class of military missions, Lhe lower on-—
board consumption of energy of a subsonic liquid hydrogen transport
aircraft is more than offset by the large energy expenditures associ-
(8) Thus,

while all of the synthetic fuel alternatives require larger energy

ated with the fuel production and distribution process.

expenditures than today’s crude-oil supply process, the liguid hvdrogen
supply process appears to be dominantly more energy-intensive than

the processes by which the other two coal-derived fuels are obtained.
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Costs of Fuel FProduction

It is difficult to estimate in an absolute sense the costs of syn-
thetic jet fuels produced from coal in the absence of any operating
commercial facilities in the United States. However, by making consis-
tent assumptions about coal costs, electricity costs, financing rules,
distribution systems, consumption points, etc., insights can be gained
into the relative costs of producing the three fuel alternatives. Such
an approach is taken below in comparing the costs of producing the three
fuel alternatives. The sensitivities of these fuel costs to alternative
assumptions in the key parameters are then systematically explored.

Basic estimates of the delivered costs of the three fuel alterna-
tives were developed for the fuel supply paths shown in Fig. 24, using
technologies commensurate with those iliustrated in Fig. 25. Underground-
mined West Virginia bituminous coal constituted the energy source for
Fast (oast air bases, while surface-mined western subbituminous coal
drawn from the Four Corners region of New Mexico, the Wyoming Powder
River Basin, and Alaska was assumed to be used for the other bases.

The minemouth cost of the eastern coal was assumed to be $20 per ton
and the western coal $§3 per.ton, the large cost difference primarily
being due to the greater productivity possible in surface mining in

comparison to undergound mining.(62)

0f course, in making relative
comparisons between the costs of the three fuels, consistency 1in as-
- gumed coal costs across the alternatives is wore important than pre-
cise cost estimates. However, as of June 1974, utilities in the
eastern United States were paying from aBout_Sl? to 523 per tom for
coal from eastern underground mines, whereas utilities in the west were
paying from $4 to $9 per ton for coal from western surface mines; hence,
these assumed cogts are within the range of costs characteristic of

the 1974 time period.(63)

Since then, coal costs have risen in some
markets, with some short—term contracts for underground-mined coal
exceeding $40 per tom. As a consequence, the sensitivity analysis
will include the impact of higher coal costs on delivered fuel costs.
Coste associated with the energy conversion facilities, adapted from
source data, are noted in Table 6. These costs are also treated in

a parametric fashion in the sensitivity analysis. The information in
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table 6 was integrated with distribution and storage cost informa=—
tion(21’56—58) +o develop the cost estimates for the three fuels shown
in Fig., 24.

The fuel costs shown in Fig. 26 represent the average cost in dol-
lars per 1 million Btu of fuel energy to deliver each of the three fuel
alternatives to the consumption points shown in Fig. 24. This measure
of cost is used rather than the more traditional cost per gallon, be~
cause the vastly different volumetric heat contents of the three fuels
make a cost per gallon comparison meaningless. However, as & bench-
mark, as of June 1976, the Air Force was paying the Defense Fuel Supply
Center (DFSC) 42 cents per gallon for JP-4, which is equivalent to

(63) The fuel costs reflect.the mix of

about $3.45 per miilion Btu.
eastern and western coal, the mix costing 54 cents per million Btu,
or 39,64 per ton. ‘

Because the energy conversiun facilities centribute significantly
to the cost of the three fuels, the major cost categories have been
jdentified according to the fixed (capital charges), operating (recur-—
ring labor costs, property taxes, raw materials, etc.j, and energy
costs for thesé facilities. As_would be expected from an examination
of Table 6, all of the energy conversion facilities are quite capital-
intensive. These capital charges are a strong function of the method

.by which the plants are financed, which is explored in the seansitivity
analysis. The energy flow analysis showed large electrical energy re-
gquirements for hydrogen liquefaction. This energy expenditure consti-
tutes a major cost component of liquid hydrogen produbticﬁ, even for
a comparatively modest electricity cost of 15 mills per kWh assumed
in the computations. If credits are applied for the energy by-products,
particularly for the large gasoline by-product, costs of $8.20, $3.56,
and $2.91 per million Btu are obtained for the ligquid hydrogen, liquid

*
methane, and synthetic JP, respectively. Thus, liquid hydrogen

*Energy by-products, including the gasoline output of the syncrude
refinery, were valued in propertion to their share of the energy cutput
of each facility. Such an assubption might tend to slightly overstate
the cost of the synthetic JP, since in the past, light refined products
from crude—oil refineries, including gasoline, have conmanded a higher
price in the marketplace than the kercsene used for jet fuel producticn.



—67-

$§502 |ang — g7 *B1y

ONIDNYNI TVIHELSNAN] MOT# HSYD AALNNODISIC %01 &
ONIINVNId IVIidiSNANI 430 %0L &

dr JILIHLINAS NLB JOL/PE'S ‘NOLTE'6S  1SOD TvOD 3IDVHIAY # —
’ NOL/SE 1V02 NHILSIM @
NOL/OZS V0D NHIALSY @ —f v
ALIDYAY2 1103 LY DNILVE340 WILSAS HOd S1507 @
galon €
11034) il
LInaoud A NIDOHOAH
INVHLIN : ainon
IDVHOLS ainoi 11aauo i
aNY "L1510 NOFLIVA3NDIN IDYHOLS
AVHIN | 15000 A8 anv "1sig | 12n0aud A8
EECELIS 0
i df_NAS Ol : dNY "iSig
wxuz_z_n_mx A -1
\\ IANSINAS 7/ = uzqus_..,...
150D it SNO3SVYD D177
dr- NAS 1500 ENOMYOLISY 7 Az
13N N AN ,zo:.uﬁ_m:c_._ ! {18 NOITTIN
7 </ NIDOHAAH
- 1IN \.{...'xl." - ¢ "3d
(NLE GO/ S¥ES) (LEE)
9¢6L INAC 40 SV 195} ) SHYT100 4261
3214d ¥-df 92544 1500
- —3s
\zm_oom_n:._
\m_w:ommqm ol _{,
Ol LY I8V D7
as'g df DILAHLNAS 1502 Rl 5) $
ZE'Y ANVHLIW QINDI 1500 Apwana [ g \n\\ \\\t\\\ i
666  NIDOHAAH dINDIT A o 13N N\mw .
ADHIANT SNIANTIIX D) o A Y
1500 ONILVHIGO E - 3
ONIDNYNId IVIHISNANI 494 %5L T
(nNLd 0L/$] LSO3 130Nd 13N : .
9 (STDEYHD TVildvD) 1SOD aaxld §7 74 s
ONIINVNIZ JAILYNHALTY
—t {L



—68—

production appears to be considerably more costly than production of
the other twoe alternatives.

' The costs noted above were developed assuming a 10 percent dis-
counted cash flow return on investment after raxes.* it has been sug-
gested that to attract private industry to enter synthetic fuel produc-
tion as well as to generate the equity required for the rapid build-up
of a synthetic fuels industry might require investment returms of 15
percent or more.(ﬁé) Under such conditions, fuel costs could easily
reach the levels shown in the box in Fig. 26.

An important distinction should be made between the "cost” of a

fuel and its "price." The costs shown on the bars in Fig. 26 repre-
| sent the operator’s cost plus a 10 percent return on investment; they
do not necessarily veflect the price that the fuel would sell for on
the open market, The coal syncrude cost assoclated with the synthetic
JP productioﬁ in the example is $11.33 per barrel. The cost of the re-
fined synthetic JP is about 37 cents per gallon and the gasoline is
about 33 cents per gallon (excluding state and federal taxes). These
costs are roughly commensurate with current market prices for refined
petroleum products. Thus, it seems apparent that synthetic fuels only
begin to become competitive in the enviromment of the petroleum prices
prevailing today. Of course, world oil prices reflect far more than
cost plus a 10 percent return.on investment. Since large quantitites
of Middle East oil could be pumped to the surface and transported to
the United States for about $1.50 a barrel plus profit, jet fuel could
potentially be produced from imported crude o¢il at costs on the order
of one-quarter to one-half those associated with the production of a

(24)

coal-derived jet fuel, Hence, private industry is presently un-
willing to assume the risks of initiating a synthetic fuels industry,
given the uncertainties in future world crude-oil prices.

The costs developed 1n Fig. 26 are subjeét to considerable uncer-
tainty, depending on trends in coal costs, electricity costs, the
method by which the energy conversion facilities are financed, pessible

growth in investment and operating costs, and the manner in which the

&
Sixteen year depreciation schedule, 30 year project life.
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energy is delivered, among other factors. The sensitivity of the cost
of the three fuel alternatives to these parameters is systematically
explored In Fig. 27. It should be emphasized that while the costs de-
veloped in Fig., 26 were those associated with éupplying a set of air
bases, the parametiric analysis usés a single air base for example pur-
poses. The nominal baseline from which the excursicns in cosbt were
exanined is shown in Fig. 27,

Figure 27 illustrates that ccal cost is one of the major deter-
minants of the cost of the three fuel candidates. It 1s algo important
to note that the liguid hydrogen supply process is more sensitive to
coal costs than are the other two alternatives. This is a consequence
of the fact that any increases in upstream costs (e.g., coal costs)
more adversely affect the downstream costs {(e.g., fuel costs) of those
processes that are less efficient, and, hence, recover less of the more
costly coal resource energy in the final Iuel product.

The hydrogen production process is also more sensitive to unfa-
vorable changes in the other parameters as well. This is clearly the
case in Figs, 27(b) and (ﬁ). It is interesting to note that even with
a doubling of the capital investment and operaling cosits (excluding
energy) of the liquid methane and synthetic JP altefnatives, the liquid
hydrogen product is stlill considerably wore costly. Ligquld hydrogean
costs are also very vulnerable to increases in electricity coste be-
cauge of the large electric power requirements for liquelfaction illus-
trated in Fig. 27(d)}.

By examining the slupés of the curves in Figs. 27(e) and (f), it
is clear that it ie more economical to locate coal liquefaction or
gasification plants near the minemouth so that produce gases or liquids
can be transported by more econcmic pipeline metheds. However, the
lack of water for coal conversion facilities in the arid western states,
to be discussed subsequently, may require that the coal be transported
by rail to areas where water is more abundant., This would tend to
increase the delivered costs of each of the three fuel alternatives.

In éddition to the more obvious effects of resource costs, capi-

tal costs, financing, etc., on synthetic fuel costs, the dramatic
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differences in aviation fuel demands by the military during peacetime
and wartime operations could have a pronounced effect on fuel costs.
The costs shown in Fig. 26 are associated with a fuel system operating
at full capacity, assuming all the fuel produced could find a market
with the Ailr Force and other users. Howaever, if a fuel supply system,
sized to meet a contingency or wartime requirement, is underutilized
during peacetime, Air Force synthetic fuel costs could rise. The re-
sults shown in Fig, 28 apply if there are no alternative marketrs for
the excess liquid hydrogen, ligquid methane, or refined syncrude products
during peacetime, If such a situation prevailed, the liquefactien or
refinery facility owner would have to cover his substantial fixed costs
by charging a higher price for the lesser amount of liquid hydrogen,
liquid methane, or synthetic JP being produced. We will consider a

single air base example te illustrate this effect.

30 -
FUEL COST IF —
» PEACETIME MARKET EXISTS FOR EXCESS
-- GASEOUS HYDROGEN
— GASEOUS METHANE
- SYNCRUDE
® NO PEACETIVME MARKET EXISTS FOR EXCESS
20 b - 11QUID HYDROGEN
FUEL — LIQUID METHANE
cosT ‘ SYNTHETIC JP
(1974
DOLLARS ONE WEST COAST AIRBASE
$5/TON WESTERN COAL
PER
MILLION
BTU)
10| :
LIGUID IYDROGEN
\% LiQUID METHANE
SYNTHETIC 4P
0 ] ! : | i |
0 2 4 6 8 10

UTILIZATION [FLYING HOURS FER DAY}

Fig. 28 — The effect on fuel costs of reduced aircraft use during peacetime
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In Fig. 28, aircraft utilizacion rate is used as.a measure of the
use of a fuel supply system. The fuel supply system was sized to sup-
port transport aircraft that might fly 10 hours per day during a con-
tingency situation., However, during peacetime such aircraft might fly
only about 1.5 to 2.0 hours per day, about the same number of hours as
the Air Force's C-5A heavy airlifter today. The cost of the liquid
hydrogen could rise dramatically at such a low utilization rate. The
cost inecrease associated with the other two fuel alternatives ig not
nearly as severe because of the lower capital intensiveness of the
methane liquefaction plant and the coal syncrude refinery. Further-
more, for the synthetic JP altermative, it seems far more likely that
the refined syncrude products would be assimilated during peacetime
into existing petroleum markets by the turn of the century.*

Of course, fhe notion of complete reliance by the Air Fﬁrce an
just synthetic fuels is somewhal idealistic; and thus the potential
supply of synthetic fuels and petroleum fuels in the future needs to
be assessed in the context of competition for these fuels, and the ex-
tent to which competitors could use alternative fuels il Alr Force re~
quirements were to increase in a contingency. To cite an example,
the commercial airlines might also be users of syathetic jet fuels.
However, they might not qualify as interruptible users, since 17 per-
cent of all long-range and 100 percent of all cargo or cargo-convertible
aireraft mipght be used as part of the U.5. Civil Reserve Air Fleet
during a major contingency situation.

We can summarize the analysis of fuel production costs by noting
that liquid hydrogen appears to be considerably more expensive than
the other two fuel alternatives, Of course, to make a complete assess-

ment of the relative cost of the three fuel alternatives, we wmust

*Another alternative would be to size the fuel system to more
closely match peacetime fuel requirements and provide for the wartime
requirement by maintaining large quantities of the fuels in storage.
However, this would not completely ameliorate the problem of liquid
hydrogen cost, particularly when the sophisticated and expensive stor-
age of liquid hydrogen is compared te the cheaper storage available
for liquid methane, and the comparatively unsophisticated storage needed
for refined syncrude products (Refs. 56, 58).
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consider the use of the fuels in aircraft. A related Rand mission analy-
sis of large transport—class alrplanes (e.g., gross weights of 1 to 2
million pounds} fueled by synthetic JP, liquid hydrogen, liquid methane,
or nuclear propulsion has indicated that for a broad class of present
and future mission applications, a synthetic-JP-fueled aircraft is sig-
‘nificantly more cost effective than the other altermatives, for fuel
costs in the range of those cited in Fig. 26. Nuclear propulsion be-
gins to look attractive only for station-keeping missioms that require
large station radii (greater than 400 n mi) and extremely leong loiter
times on station {e.g., hundreds cof hours}., At present, nc misesions
requiring such a capabllity are apparentu(g) Only major reductions

in the costs of liquefying gaseous hydrogen would Improve the relative

attractiveness of liquid hydrogen.

Resource Availability

In addition to the cost and energy considerations associated with
fuel production, resoufce issues must also be considered, such as the
rate of coal production required tolsupport a svnthetic fuels industry
and the long-term availability of ceoal under such rates of production,
There is also the question of whether currently available water re-
sources in the western United States would be adequate for the ¢oal
conversion facilities that might be located adjacent to large surface-
mineable coal deposits.

The rate at which U.8. coal production might expand wi{l depend
to a substantial degree on the success or failure of competing energy
technologies to lessen the nation's dependence on érude—oil imports.
ERDA has developed six scenaries, indicated in Fig. 29, which cover
a spectrum of possible paths of evolution for the U.S5. energy system,
each of which would require significant growth in U.S5. coal produc-

a7 ERDA's results indicate that domestic coal production would

tion,
have to expand at an average annual rate of more than 5 percent to
accommodate the evolving coal needs of a synthetic fuels industry
and demands by other users for coal. Other investigations suggest

(67)

growth rates as high as 7 parcent per year. A 7 percent growth

rate corresponds to a doubling of production capacity every 10 years.
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Fig. 29~—Coal use in ERDA energy scenarios
' (from Ref. 17)

It has been supgested that this would require opening two new major
coal mines each month for 10 years. This high growth rate can be
contrasted with what happened during the 1960s, when only 13 new ma-
jor ccal mines were opened.(es)
This growth in coal production can be measured against estimates
of currently economically recoverable domestic coal reserves to gain
insights into coal's availability for the future., Shown in Fig. 30
is cumulative coal production by year for seve.al annual growth rates,
with the 5 to 7 percent growth rates highlighted. The National Petro-
leum Council (NPC) estimate shown includes only measured and indicated

(62)

reserves ahove the depth of 1000 feet in thick seams. The United

States Bureau of Mines (USBM) further includes coal seams of inter-

(69)

mediate thickness. Complete information on the ERDA estimate is

not available; however, it clearly includes some coal from the in-
ferred reserves category as well as some coal from the unmapped and

(17}

unexplored category.
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In interpreting Fig. 30, an analogy may be made to the current
problems being experienced with domestic petroleum production. Price
and availabilitry problems really began shortly after domestic produc-
tion peaked, forcing users to search for alternative sources of energy—-—
in this case imported petroleum. In the case of coal, note that one-
half of the currently economically recoverable reserves might be de-
pleted during the first or second gquarter of the next century if the
high growth rates suggested were to be sustained. Thus, the size of
the resource base is adequate to supply an increasing fractionm of U.S.

energy needs into the next century even at the high growth rate. Further
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mapping and exploration should further expand the definition of the
economically recoverable coal fescurce base., Of course, envirommental
and other factors will exert a restraining influence on coal growth,
some of which will be discussed subsequently in this section.

The specific coal requirements for producing the three fuel alter-
natives have already been shown in Fig. 25 on an energy basis. If the
Air Force had derived all of its jet fuel for FY 1975 from coal, the
coal requirements for the liquid methane option would have been equiv-
alent to about 9 to 12 percent of U.S. coal production, liquid hydro-
gen from 11 to 15 percent, and synthetie JP from 15 to 21 percent, de-
pending on whether bituminous or subbituminous coal were the energy
source.* Recalling the energy flow analysis, the synthetic JP option
requires the most coal because of the large gasoline by—product; If
the electricity for hydrogen liquefaction were generatea using coal,
the liquid hydrogen option would require about the same amount of coal
as the synthetic JP option yet would deliver about half as much energy.
While these annual coal requirements for synthetic jet fuel production
seem large compared to current production levels, mnone of the alterna-
rives would deplete even 0.1 percent of the currently economically
recoverable reserves in any éiven year.

In addition to consideration of coal production capacity, the
ability and likelihood of a coal synthetic fuels industry meeting
the jet fuel needs of the military and other users by the year 2000
must also be assessed. Shown on the left of Fig. 31 are two estimates%
of what the potential synthetic jet fuel production capacity might be
by the year 2000, with the uncertainty in the ultimate yield of jet

fuel highlighted.(l?’ez) To put these two estimates of capacity into

%

Assuming that subbituminous coal has 2 heat wvalue of 7800 Btu
per pound, bituminous coal 10,820 Btu per pound, and domestic coal
production of 600 million tons per year.

TThe NPC estimate shown in Fig. 31 is an extrrapolation of their
1985 estimate. In both cases, resulting synthetic jet fuel outputs
were calculated using coal inputs estimated by NFC and ERDA, and the
synthetic JP fuel supply process energy expenditures shown in Fig.
2%. TInformatiop in Fig. 31 1s derived from Refs. 21, 62, and perscnal
communication from William Vance, Defense [Bnergy Information Service,
October 1975,
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Fig. 31 — Projections of coal =based jet fuel production capacity in 2000

perspective, the Synfuels Interagency Task Force recently recommended
a synthetic fuels commercialization program to the President's Energy
Resources Council that would result in only 50,000 barrels per day of
ccal syncrude liquids by 1985, 20,000 barrels per day of which might

optimistically be refined te jet fuel.(éé)

Clearly, to reach the pro-
duction levels projected by ERDA and NPC would require a major build-up
between 1985 and 2000. This conclusien is essentially unchanged when
projections of high=-Btu ceal gasification capacity are considéred, the
closest analogy that can be made to the gasificatibn facilities ve-
quired for the liquid methane or liguid hydrogen supply processes.
These estimates of capacity can be cowpared with overall DoD and
Air Force peacetime jet fuel demands, the Air Force accounting for
over thres-quarters of that demand.* If the more conservative NPC pro-

jection is used, we note that while military peacetime needs might

%
Personal communication from William Vance, Defense Energy Infor-
mation Service, October 1973. '
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potentially be satisfied, they would constitute a large fraction of the
overall market. If Air Force jet fuel needs wexe to double during a
wartime situation--characteristic of past Air Force experience in South-
east Asia--capacity would be taxed even more, These Air Force demands
for jet fuel should also be considered in the context of overall U,S.
jet fuel demands. During 1975 U.S, caﬁmercial air carriers consumead
nearly twice that consumed by the military.* Thus it seems highly un-
likely that a coal-based synthetic fueis industry alome could satisfy
all of the demands for jet fuel in the year 2000. More probably, those
demands would have to be met by a combination of energy resources, in-
.cluding crude oil, coal, and oil shale.

Growth of a synthetic fuels industry to the rate of production of
1 to 2 million barrels per day indicated in Fig. 31 may be hindered
by a lack of water in the arid western states, which contain a signifi-
cant fraction of the natidn's surface-mineable coal deposits.(70’?1)
Recall that wa#er is a major source of hydrogen in coal gasification
and liquefaction processes. The water availability problem is graphi-
cally illuétrated in Fig. 32, which shows the water requirements for
the synthetic fuel facilities postulated to be located near abundant
coal reserves in New Mexico and Wyoming to serve the western air bases
shown in Fig, 24.+ Also shown are the water requirements for the NPC's
postulated New Mexico and Wyoming coal cenversion facilities. A coal
ligquefaction plant could consume over six barrels of water for every

barrel of syncrude Dutput.(sl)

However, the liquefaction plant is not
inherently any more water intensive tham the gasification facilities;
the greater water requirement reflects the larger amount of energy

that is delivered because of the gasoline by-product. The results shown

% _ i
Personal communication from Evans Whiley, Civil Aeronautics
Baard, November 1975.

JrThe annual coal inputs for these ener%y conversion facilities
sized to support a fleet of large airplanes 8) flying a wartime rate
of 10 hours per day would be 67 million tons for coal gasification to
hydrogen, 61 million tons for ceoal gasification to methane, and 104
million tons for coal liquefaction to syncrude. Refer te Ref, 62 for
NPC's postulated ceal requirements.
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Fig. 32 — Water requirements for coal conversion facilities in New Mexico
and Wyoming (from Refs, 31, 60, 62, 70, and 71)

in Fig. 32 indicate that additional costs may he incurred to develop
new water supplies for the facilities, or additional distribution costs
may be incurred tc ship the coal to arcas with more abundant water

supplies.

fnvironmental Issues

The development of a synthetic fuels industry will create new
sources of land, water, and air pollution. In the present analysis,
a mix of eastern and western coal was used for the fuel supply sys-
tems to minimize distribution distances. Figure 33 shows the average
land impact of the surface mining in Wyoming, New Mexico, and Alaska
required to support the fuel supply systems of the three alternative

d.(72) The land area that must be turned over in

jet fuels considere
surface mining depends on the coal requirements of the fuel supply
process, the coal recovery rate, the heating value of the coal, the

coal density, and particularly, the thickness of the coal seam. For
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3a nnual surface coal production is analogous to that associated with Fig. 32 with the
addition of assumed surface coal production in Alaska, which results in annual
¢coal production of 83, 76, and 132 million tons for hydrogen, methane, and syncrude
facilities, respectively.

bAnnual underground coal production assumed to be 36, 35, and 61 million tons
for hydrogen, methane, and syncrude facilities, respectively.,

Fig. 33 — Impact on the land of coal extraction for synthetic fuels
(from Ref. 72)

example, the average coal seam thickness in the Wyoming Powder River
Basin is triple that of coal found in the Four Corners area of New

Mexico (39 feet, as compared to 12 feet).(m) Hence, more land must
be turned over in New Mexico than in Wyoming to obtain an equivalent

amount of coal.
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Figure 33 indicates a greater land impact for the synthetic JP al-
ternative only because of the larger amount of emergy being delivered.
The land impact of the mining required to suppert the supply of liquid
hydrogen reflects only the mining of coal needed to provide the resource
energy for the process. If it is assumed that the process electricity
for hydrogen ligquefaction is also derived from coal, the land impact
would be far greater than that shown in Fig. 33. The Rhode Island land
area is used as a point of reference because some have suggested that
in Lhe United States an area somewhat greater than the land area of
that state has already been stripped and not been reclaimed.

The ability to reclaim land overlying surface-mineable coal de-
posits is the subject of considerable controversy. If the mined land
could be reclaimed in five vears, the average land impact could be
significantly reduced, as is shown in Fig. 33. Some suggest, however,
that complete reciamation may be impossible., In that situation, in an
absolute sense, the total amount of land turned over and unreclaimed
would be twice that shown in Fig. 33.

The strip mining impacts shown in Fig. 33 are those that would
occur in supplying part of the energy requirements for a fleet of very

(8)

large airplanes. If 2ll of the Air Torece's current jet fuel energy
needs were to be supplied by western surface-mineable coal deposits,
the amount of land turned over annually in the synthetic JP supply
process could range from 1900 to 7000 acres, depending on whether Pow-
der River Basin coal or Navajo coal from the Four Corners area were to
be used. Hence, any major commitment by the Air Force to use jet fuels
derived from surface-mineable western coal deposits could have a siz-
able land impact.

There is quite a different impact associated with underground
mining--that of subsidence of the undermined area. The lower bars on
Fig, 33 represent the land impact of room and pillar mining used to
support the synthetic fuel supply systems for the East Coast alr bases
shown in Fig. 24. In room and pillar mining, the most prevalent type
of underground coal mining practiced in the United States today, pil-
lars of coal are left standing in the mine to reduce the amount of

subsidence, Increased adoption of the longwall mining technique, in
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which almost all the coal is removed, would enhance recovery but in-
crease subsidence, as shown in Flg. 33.

in addition to the land impact of the coal mining required to sup-
port a synthetic fuels industry, the environmental poliutants from the
coal convergion facilities must alse be assessed, Table 7 compares
the enviromnmental pollutants from a conventional coal-iired steam
power plant, a coal gasification plant, and a coal liquefaction facil-

(72)

ity, all sized to process an equivalent amount of coal. These re-
sults must be interpreted with caution, since no commercial-size gasi-
fication or liquefaction facility has yet been built in this country.
Indeed, one of the major objectives of the "information' program rec-
ommended by the Synfuels Interagency Task Force is to gain environmental

(66) - The estimates

impact data on synthetic fuel facility operations.
of coal conversion facility pbllutants indicate that the new facilities
may represent no greater threat to the environment than a conventional
electric power plant, and perhaps less. In the case of air pollutants,
the new facilities would remove most of the sulfur contained in the
coal from a concentrated stream of hydrogen sulfide gas, rather than
"serubbing" sulfur dioxide out of the exhaust products of coal combus-
tion. The “sludge" that results from this scrubbing process 1s one of
the reasons the power plant has greater solid waste products. In ad-
dition, the coal conversion facilities recover some of the potential
nitrogen air pollutants in the form of aqueous ammonia, rather than
releasing them to the atmosphere as oxides of nitrogen. It is likely
that much of this pollution control technology will be incorporated

in future ceoal-fired power plants as well, -

Finally, it should be noted that, while in comparison with a
coal-fired power plant, the pollutant discharges from coal conversion
facilities may not represent any increased threat to the environment,
these plants may be built in areas of the west that now have a com-
paratively pristine environment, in which case they may represent a

substantial threat to the environment in a relative seanse.



