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Table 3-1 summarizes the regional differences that produce minimum

and maximum :osts.* As jndicated, a copal counversion plant near a coal
mine is usally the least-cost option, primarily because coal transporta-
tion cost usually exceeds the cost of transporting the fimal preduct
either from the refinery or from the coal conversion plant. In addition,
regional variations in distribution costs are less than variations in

coal transportation costs.

F. Sensitivity to the Variations in Cost Parameters

As poted earlier, the sensitivity analysis considers the impact
on total cost of the changes in cost of the fellowing factors: coal
extraction, coal transportation, cozl conversion, refining, product

transportation, and product distribution. The details of this analysis
can be found in Appendix C.

The results of sensitivity analysis are summarized in Figure 3-6.
Note that the grearest Improvement In the estimates of delivered fuel
costs can be gained by better costs estimates for coal conversion, product
Jiquefaction, and product distribution. Changes in ccal extraction and
transportation cost produce only modest changes in the total cost when
compared with the cost of c¢sal conversion, product liquefaction and prod-
uct distribution. The total cost shows little sensitivity to changes in
coet of transporting the product. The semsitivity to changes in the
refining cost of syncrude is also significant.

*The information in this table must be cautiously used. For example, it
is unwise to gemeralize that minemcuth is the best option. First, lLimit-
aticn in networks carrying the fuel from the coal conversion plant to a
tefinery or to markets of final demand must be analyzed. The analysis
muet also consider the location of existing refining centers.
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Chapter 4

ENERGY ANALYSTS

A. Methodology

Since the concept of net energy began to receive widespread atten—
tion several years ago, articles and reports have explored applications
of the comcept and have wade numerical calculations for a variety of
energy systems. In addition, workshops have been held to clarify the
meaning of energy analysis and to produce a definitive methodology.

In spite of this activity, those involved in energy analysis still
do nok agree about its definition or its usefulness. In the area of
methodology, however, it is gemerally recognized that several legitimate
approaches exist, each of which has its advantages as well as its draw-
backs. Threa of the most useful approaches ara discussad below.

1. Process Analysis

This is undoubtedly the most intellectually straightforward
of all the approaches applied to energy amalysis.l! It was devised to
datermine the total enearpy consumed in producing such products as auto-
mebiles and contaimers, but it can be applied to fuel productiorn just as
readily. It thermodynamically analyzes each process in the chain of ac—
tivities that are required to produce and deliver a given amount of prod-
uct {e.g., 1 ton of alumimme). This procedure can be characterized as a
vertical amalysis because it follows the flow of materials from the basic
resources through the processing steps required to deliver a product, ex-
plicitly evaluating the emergy consumption at each stage. When materials
other than those in the main process stream are consumed or added to the
process, the arergy consumed in producing these materials is evaluated

ae another source aof energy use.
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Ultimately, the direct emergy consumption associated with each
stage of manufacturing is added to indirect energy consumption to yield
the total energy required to deliver a unit of the preduct. Typically,
the total energy requirement of the manufacturing and distribution proe-
esses is broken down diagrammatically sc¢ that the major areas of energy
consumption may be clearly discerned.

If the goal of the calculation is a net energy analysis of an
energy conversion tachnology, the procedure differs only in that the
unit guantity of the end product (typically a2 fuel or elactricity) is
expressed in appropriate energy units, such as Btu.

The process amalysis approach is attractiwve because it clearly
displays the energy contribution of each step in the sequence of steps
that leads to the production of the final product. The detailed data
sources that support the calculation of energy consumption in each step
can be given in footnotes, zllowing the reader to verify the numerical
values in the analysis independently. Furthermere, techmnological ad-
vances or alternmative processes that change the efficiency or energy

consumption of any step can be easily incorporated im the amalysis.

The major disadvantage of process analysis is that the caleu-
lation of second- or third-prder contributicns to emergy consumption
(e.g., the energy consumed in producing mining equipment used in mining
iron ore that is usad to produce steel for power plants) becomes tedious.
And comsiderable branching guickly accurs one or two levels away from the
main process sequence, Thuns, a simple rule of thumb is that second- or
higher—-order contributions should be zbandoned once mmerical contribu—
tions become the same order as the ranpe of errer in the caleculations for
the main process sequence. Nevertheless, substantial effort can be ex-
pended in discovering which higher-crder contributiomns are significant
and which are not. The technigue that follows provides an alternmative,
concise marhematical means of accounting for such higher—order effects.

4.2
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2. Input-Cutput Analysis

The use of input-output analysis to describe the flows of goods
and sarvicas in the U.5. economy has been a powerful tool of economic
theory since it was introduced in the 1930s. It hzs been only recently,
however, that this approach has been extended to include flows of energy,
primarily by Robert Herendeen and Clark Bullard ¢f the University of
Illinois.2

To formulzte an input-output deseription of the economy, all
business activities comtributing to the nation's GNP are grouped into
sectors; each sector represents activities of a particular type (e.g.,
coal mining, canned sea foods, cigarettes, and textila goods). Cur—
rently, the largest number of sectors used is 368. The transactions _
measured in dollars' worth of sales per vear batween each sector and all
other sectors are tabulated and displayed 2s a matrix of 368 rows and
368 columms. In addition, the sales of sach sactoer to final demand (per—-
sonal counsumption, government purchases, purchases of capitel goods, and
the 1ike} are tabulated.

The extension of this economic imput—output formulatien to
energy imput~output requires additional data on the direct consumption
of energy by each of the 368 economic sectors. In other words, each
sector's actual purchases of coal, petroleum products, matural gas, and
electricity must be determined. (Crude oil and gas are purchased only
by the refined petroleum products and gas utilities sectors.) Ouce these
data have been incorporated with the dollar flow finput-cutput structure
of the economy, a computer can calculate the total direct and indirect
energy consumption embodied in & dollar's worth of goods or services
purchased from any sector. If, for example, an automobile is purchased
from the motor vehicles and parts saectar for $4,000, the total energy
consumed in the production of that antomobile can be determined. This
total enmergy comsumption includes both the energy consumed directly by
the motor vehicles and parts sector as well as the energy consumed by
all the sectors that supplied it, all the sectors that supplied these
sectors, and so on. In other words, the flows of anargy in the produc-

tion of any goods or service and traced back automatically through 211
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other sectars of the economy to determine the total consumption of re-
source energy required to deliver the goods or service, For five energy
sectors—coal wining; crude oil and gas production; petroleum refining;
gas utilicies; and electric utilities—-the epergy requirements are ex-—
pressad in energy consumed per Btu of output. This constitutes, in ef-

fect, a4 net enargy calculation for each of these sectors.

A net emergy analysis of new energy techmologies, such as oiil
shala or solar energy using the input-output method depends on the abil-
ity to disaggregate the capital and operating costs associated with the
technclegy into specific economic sectors. Purchases from thes¢ sectors
are then converted inte emergy flows as outrlined above, and the total
ensrgy required to produce a given amount of a product can be calculated.
This ecalculation assumes a small contribution from the new techmology to
the overazll energy budget of the United States. Thus, feedback locops—
the flow of ensrgy from the output of the techmology through other sec—
rors and back to that rechnology as indirect energy consumption--can be
ignored., These feedback effects, however, cannot be ignored in a mzture

industry such as petroleum refiping.

The main disadvantage of input-output analysis is that even at

the level of disaggregation of 368 sectors, each sector may cozntain a
wide variety of activitiea. The energy required to produce a dollar's
worth of output in one industry may be quite different from that re-
quired in another industry, even though both industries are classified

in the same sector. A&s a result this analysis may lead to significant
errors inm some calculations. Neverthelegs, input—output analysis remains
a powerful cechnique for tracing flows of energy through the U.S. ecomomy.

3. Odum's Approach

A key fearure of the school of thought evelved by Howard Odum
gnd his students, and now receiving widespread attention, residas in the
explicit consideration of matural energy flows as chey affect man.3 Odum
was among the first to point out that ﬁany of man's activities are "sub-—
sidized" by mature in the form of "free" services that are lost when nat-—
ural ecosystems are disrupted. Often, these lost services can be replaced ')

T4




only through man-made technologies that require large subsidies of mate-

rials and fossil enmergy. Thus, the energy subsidies in natural systems

that may be distupted or destroyed by implementation of an energy tech-
. nology must be explicitly evaluated as an energy cost.

0il shale will serve as an illustration in the hypothetical
case that follows. Oil shale retorting and upgrading would require
large amounts of water from the upper Colorado River. This water is
relatively pure. If unused, it dilutes the water of the lower Coloradao,
which is contaminated with disselved salts. Rewmoval of upper Colorade
water thus increases the salinity of the lower Colorado, which is used
to irrigate crop lands. If this water becomes too saline for irrigatien,
desalination plants have to be built., Construction and operation of
these plants require materials and energy. Thus, a natural subsidy will
have been destroved, and the energy equivalent of the service might logi-
cally be charged against the energy outpur of the oil shale industry, as

well as against other energy industries using upper Colorado water.

Although the concept of natural energy subsidies has received
wide acceptance among energy analysts, another feature of Odum's approach
has remained controversial: enargy guality. The quality ef a particular
fuel or energy form has beasn traditiomzlly defined by the thermodynamic
quanctizy known as "availability." The availability of an emergy. form is
defined as its ability to do work, expressed in precise mathematical
terms. Odum, however, has gone beyond thermodymamic definitions of qual-—
ity te include the ways in which conversion of one energy form to another
results in the "concentration" of useful energy. For example, Odum con-
sidars that fossil fuels are 2000 times more concentrated than sanlighe.
(Sunlight must be fixed photosynthetically by plapts which, decaying over
millions of years, are converted to oil or cpal.) And Odom considers
that electricity is abomt 3.5 times more concentrated than fossil fuels.
{Note that these conversion factors appear to depend om the energy con-—
version pathways chosen for analysis.)

Because Odum's emergy guality ideas have go little relation to
thermodynamic concepts, this divergence must be resolved before his tech-
nlques find widespread accepiance among anergy analysts. In spite of
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this, and other areas of lesser . mtreversy such as evaluating the labor
contribution to energy imputs, most aspects of Odum's apprecach to net
enargy analysis substantially agree with the methods of other practi-

tioners.

4. Net Energy Analysis—a& Practical Approach

Each approach to net energy analysis described thus far bas
advantages and disadvantages. In many applicaticms, a practical, reason-
ably accurate approach that minimizes the disadvantages of each of the
methods is sought. In pracrice, this approach tends te combina aspacts
of process analysis, input-output analysis, and the Odum approach.

A pet energy analysis of a specific technology usua}i?"begins
with the process apalysis approach. Flows of en=rgy associaééd with the
technology are quantified f-om available engineering design studies ot
other data. Energy flows may take the form of product output, therme-
dypamic coaversion losses, physical losses, electricity comsumption, and
the 1ike. In addition, whem practicable, process analyses are conducted

to determine indirect energy consumption in the form of materials use.

In many instances, however, materials consumption data for con—
struction and operation of the technology are umavailable. In this case,
estimates of che dollar costs of these activities are used in conjunction

with iaput-output tables to estimate indirect emergy consunption.

Finally, when techmology iateracts significantly with natural
systems, Odum's approach can be used to evaluate lost matural energy
subsidies. In many cases, these losses are small compared with the out—

put of the energy technology in gquestion.

A1l caleulations carried out in this chapter wse the approach
outlined above. A detailed discussion of the calculation methods for
gurface coal mining, coazl liquafaection, coal—-to-methanol conversion, and
o0il shale retorcing and upgrading are in Chapter 5 of Volume ITI of this

series."

St




PR S T T T T, R T T e e e

B. Caleulations on System Components

To carry out calculations for the sysrems described in Chaprer 1 of
this volume substantial data are required not only for the energy con—
version technologies but alse for mining, tramsportation, and distribu-—
tion components. The data reqguired include information on capital and
operating costs, material inputs, process variables, fuel consumption,
and the like. Generally, these data are in the lirerature on various
energy conversion techmologies and other components of the energy supply
system, And, in fact, we have relied on this literature in carrying out
our calculations. However, this literature should be approached with
caution. Many process parameters for advanced techmologies are still
speculative. In other, better-known areas such as transportation many
conflicting data exist. Thus, care must be taken befare selecting data
for direct use in the energy analysis. In some cases, the data must be

modified bmcause they do not completely acecount for all relevant energy
inputs.

As in the work on net energy analysis in Volume II, all energy in-
puts into the system are referanced to primary energy resources=-—coal,
crude oil, and gas, as well as to nuclear and hydro power. This derer-
mines the total guantity of energy resources required to deliver a unir
of product. Theoretically, energy inputs can be broken down intc each
type of rescurce. However, this level of detail was not considered nec—

essary for the analysis here. (For an example of the results of the
entire procedure, see Appendix A.)

These techniques and qualifications have been applied to the energy
systems described in Chaprer 1, The computations cf energy inputs into
each component of the systems are presented in Appendix D.

Table 4-1 summarizes the snergy requirements for the systems compo-
nents analyzed in Appendix D. The tabulations are used in caleglating
the total system energy requirsments for each avtomotive fuel in a man-
ner parallel te fuel costs calculated in the previous section. Like the
cost analyses, these fipures are meant to be illugtrative, rather than

definitive, and are based on specific technologies. Advances in technology

47

Feiri o enimrs s e



P

ey

Rt

-

Tabkle 4-1

ENERGY REQUIREMENTS FOR COAL-TO-AUTOMOTIVE

FUELS STYSTEM COMPONENIS

Energy Ancillary Energy
Component Efficiency (Bru/105Btu ountput)
Coal mina
Surface 1.0 2.8 x 105/mv*
Undexground 1.0 3.4 x 105/HV
Coal transport
Truck 1.0 (2000/EV) x Lt
Unit traio 1.0 (490/BV) x L
Slurry pipeline 1.0 (760/B7) x L
Barge 1.0 (300/BV) x L
Coal conversion
Syncrude (bitumipous coal) 0.68 2.7 x 10
Syncrude (subbituminous ceal) 0.63 2.7 x 10%
Methane 0.56 2.7 x 10"
Methanol 0.40 4.0 x 10%
Fischer-Tropsch gasoline 0.30 4.0 % 10%
Hydrogen 0.59 3.7 % 10%
Electricity 0.35 6,3 x 10"
In-situ methane 0.76 2.3 x 10°
In-sity methanol 0.65 4.6 x 105
Product transport
Crude pipeline 1.0 48 x L
Methace pipeline 1.0 - 3.6 x 1075L 5x L
Hydrogen pipeline (gas) 1.0 - 5.2 x 10751 5xL
Mathanpl pipeline 1.0 30xL
Petroleum products pipeline 1.0 15 x L
Elecrriciry transmission 0.91 12 x L + 0.1 x 104
and distribution
Refinery D.%96 6.2 x 1%
Merhana liquefaction 0.83 0.6 x 10%
Hydrogen liquefaction 1.0 1.1 x 10°
Auromotive fuel distribution
Gasoline distribnrion i.0 0.5 x 104
Matrhanol distribmtion 1.0 0.7 x 10%
Liquid hydrogan distribution 0.98 1.0 x 1%
Liquid methane disrriburion 0.93 1.0 x 10%

*HV = coal heating valune in 10% Bru/con.
t = transport distance in wiles.
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or consideration of other fuel production possibilities (e.g., coproduc-
tion of methanol and methane) could alter the numbars in Table 4-1. How—
ever, this set of pumbers, tied as closely as possible to the system com-
ponents on which the cost calculations are based, will serve to illvs-
trate the characteristics of the systems under consideration.

C. Total System Energy Requirements

The calculations of energy consumption for the production and deljv-
ery of automotive fuels is analogous to the caleulation of costs. That
is, the ancillary energy use by each system compoment is obtained from
Table 4=1, and divided by the product of the energy efficiencies of all
the downstresm components to obtain the emergy use for 10° Btu of deliv-
ered fuel. The total system energy consumption is then the sum of the
individual components, plus the emergy lost from systel compouents with
conversion efficiencies less than 1.0. Thils sum represents the total
resource epergy that must be consumed To produce and deliver 165 Btu of

automotive fuel, Marhematically, this guantity can be expressed as
follows: )

n Ei
6 — - -
E e = 10% — 1} + ‘E 1 : (1)
L] = T £,
i=1 4=1 7

where Etot is the toral energy consumed by a2 system for 10% Btu of deliv-
ered energy; n is the number of system components; €; is the efficiency
of component i; E, is cthe ancillary emergy requirement per 108 Bru output
of component i; and the symbols 7 and I have their usval meanings for
multiplication and sumwation. In evaluating the secood term the last
system component-—fuel distribution—-is labeled i = 1, and the first
component——coal mining-——is labeled i = =n.

The calculzation of the total energy consumption for each system i=
carrimd cut by the same procedure described in Chaprer 3 for carrying out
cost caleulations. The procedure has been modified to replace ail dollar
costs with the ancillary energy requirements, Ei' The calculation of
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total energy consumption for each system is then carried out as was the

cost calculation, execept that the first term in Equation (1) was also
computed and zdded.

As was done in the dollar cost calculations, the program printed
the maximem, minimam, and average energy consumption for specific path-
ways for coal conversion cccurring in each crude production, gas produc—

tion, refinery, or electric utility region.

D. Regults

1. Total Euergy Consumptiom

The results of the energy cost calculations are displayed in

Figures 4-la through 4~lc. Only the maximun and wminimwm energy consump—
tion are displayed out of all the possibilities for each system., It is
not necessary to display the results of all calculations because the
rasults of interest are the sensitivities of the total system energy
costs to the variations in each compoment. These are clearly indicated
by the range of energy consumption displayed for each component, in rela-
tion to the range in total energy consumption displaved for each systen.

The range of energy coansumption for each component does not
represeat the absolute maximum and minimem consumption used in the cal-
culations. I\'athei:, it represeunts the range for the components of those
system pathways for which the sum of the component energy requirements
was a maximm or minimim for a particular fuel. For transportation
energy consumption, however, the figures temnd to represeni the mayimum
and mipimun valvues for transportation compopents. Thase components tand
to have the most pronmounced effect on the wvariation In total energy
consumption.

Figuras 4-la through 4—1lc show the flows of energy through the
systems and the anecillary energy ipputs required to deliver 10% Btu of
automotive fuel or electricity. For bhoth rhe anéillary jnputs and the
direct energy flows, two numbers are associated with each system compo=—
nent. The first number corresponds to the pathway with the minimus

total energy comsumption., and the second number correspomds to the

4-10
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maximum. The aumber wirhin aach bux represents the energy efficiency of
that system component. ’ '

For each system, the total energy consumption is given as the
sum of the total ancillary energy requirement and the total system loss
for the ninimm and maximum cases.

The locatiouns of the conversion facilities and the sources of
coal for the minimm and maximm energy consumption cases are shown in
Table &4-2.

Table 4-2

CONVERSION PLANT LOCATTONS AND COAL SOURCES FOR
THE MINIMUM AND MAXTMOM ENERGY CONSUMPTION CABES

Plant
Location Coal Source
Syncrude/ Minimum Virginiz Appalzchian underground
gasoline Maximum  Montana Montana surface
Pischer-Tropsch Minimum Montana Monrtana surface
gasaline Maximum  Texas Appalachian surface
Methanol Mipimum  Pennsylvamia  Appalachian surface
Maximum Texas Appaiachian surface
Methane Minimum I1linois I1linois surface
Maximum  Loudsiana I1linois surface
Hydrogen Minimum Alabama Appalachian surface
Maximom  Louisiana Illinois surface
Electricity Mipimume  Ohic Appalachian surface
Meximum  Minmesota Wyoning surface

It is clear from the energy flows shown in Figures 4-la through
4-1c that the coal conversion components represent the largest portion of
overall energy consumption, ranging from 40 to 974 of the total. The
exception is tha hydrogen system; hydrogen ligquefaction consumes more
than 502 of the total, compared with 38% for coal comversion.

The contribmtion of ecoal and products transportation to the
system totals varies; it ranges from less than 1% to nearly 15%.
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This tange indicates the influence of the varying lecations in the cal-
culations.

The gsensitivity of total energy consumption to cecl mining 1s

low, as axpactad; coal mining energy requirements contribute 1 to 2%
of the total.

Secondary comversions such as refining and liquefaction of
gases can contribute significantly to total energy comsumption. They
rapresent about 15% of the total for symerudefgasoline and methane.

The contribution of fuel distribution is uniformly small.

Figure 4-2 summarizes the energy consumption for each system
and shows the variation jin total energy comnsumption betweenr the minimm
and maximm cases. For purposes of comparison, a comparable figure is
shown for the conventiomal domestic petreleunm case. The conventional
petroleum resuli is based om nationmal statistics and therefore deoes not
display a minimem/maximum variation. It is clear from Figure 4—2 that
any coal-based automotive fuel option will cousume considerably more re-
source energy than the conventionel petroleum system. Coal will con-
stitute much of the additionel fuel consumed. Compared with petroleum,
coal is an abundant resource. However, the large increase in energy con—
sumption over the comventionzl petroleum case indicates the greatly ex-
panded energy resource production, conversion, and transpertation activi-
ties that must accompany any conversion from a petroleum-based to a cnal-

based tramsportation system.

Note that although the in-situ methanme and methanol options
appear attractiva in relation to most others, the cozl-resource basa
suitable for thesa tachmologies tends to differ considerably from that
of the others. This is especially true of wastern coal, whosa many deep
thick seams are not suiltable for recovery by conventional mining methods.
However, should in=situ gasification prove successful, it may be attrac-—
tive economicelly and energeticzlly to provide fuels through application
af this technology to seams normally accessible to conventional under-
ground miping. This would aliminate all mining and a portion of the
above-ground conversion facilities. Typically, many factors would
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influence thnis cholce, 1ncluding site-related factors, environmental
considerations, type of fuel desired, and the like.

2. Automotive Efficiency Effects

Because the primary function of the energy systems under con-
sideration is to fuel automoblles, the total energy consumption must be
expressed in terms of the specific end-use. In this case, the appropri-
ate parameter is veblcle-miles of transportation. As discussed in Chap-
ter 3, the efficiency of fuel use may vary considerably from one vehicle
to the next, resulting in relative energy consumption fipures consider-
ably different from those shown in Figure 4-2.

In Figure 4-3, the vehicle energy efficiencies presented in
Chapter 3 have been used to calculate the total energy required to pro-—
vide one vehicle-mile of transportatiom, as a function of wvehicle energy
comsumption. The total energy requirement equals the energy consumed by
the wvehicle, plus the energy consumed in producing and delivering this
energy. As in Chapter 3, the reference case is a conventional subcompact

automecbile achieving a fuel economy ¢f 30 mpg (gasoline) and meeting pol-
iution control requirements.

The straight line plots in Figure 4-3 are based on the average
total emergy consumption for each fuel type. Where these lines intersect
wirh the wvehicle propulsion energy requirements, a vertical line indicates
the Tange of total energy requirements corresponding to the minimum and
mavimum energy consumption showm in Figure 4-2.

As Figure 4-3 indicares, the syncrude/gasoline-powered vehicle
loses its energy advantage when compared with an advanced bartery-powered
electric car on a Btu/mi basis. The total energy requirement for the
electric car is sbout two-thirds that of the conventional automobile. ©On
the other hand, among the synthetic fuel options, syncrude/gascline is
energetically superior, even allowing for considerable engime afficiency

improvements for hydrogen, methane, and methanol-powered vehicles. Ener-
getically, Fischer-Tropsch gasoline is rhe worst option.

17



o

;
%‘
E
4
3
i

e Lp v e

raaaga

A g LT Sy A PaS B b T L [T T T e

15000 .)

HYDROGEN
lNOMlNAL VALUES
FISCHER-TROPSCH
14,000 GASOLINE ELECTRICITY
METHANOL
13000
METHANE
12,000}
11,000
10,0001
SYNCRUDL/
GASOLINE
anoot—
8000 [~
7000}
8000 —
5000 [~
4000 |-
5000
2000 -
1000 |~ \
N
i
0 i * ] | { { 1 { 2
1} 1000 2000 3000 4000 5000
F VEHICLE PROFPULSION ENERGY— Bru/mi
. -
TOTAL ENERGY

REQUIREMENT — Btu/mi
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The hydrogen, methane, and methanol options fall within a nar-
row range of roral emergy consumpticn (9,000 to 10,000 Btu/mi) and must }“
be considered essantially equivalent. For these cptions to be energeti-
cally competitive with syncrude gasolinme, engine efficiency improvements

on the oxrder of 25% beyond the efficiencies shown in Figure 4-3 would be
required. '

-

Although not showa in Figure 4-3, the in-situ methane and meth—
anol options would have total energy requirements in the range of the

.

syocrudefgasoline option.
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