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FOREWORD

The purpese of the RECAT gstudy has been to provide guidance on the
direction future NASA research should take to conserve fuel in the commer-
cigl air transport system. To this end, a number of fuel conserving opticins
were defined, none of which represents the likely future evolution of the
system, bub each of which includes potential elements of the future system,
Therefore the predictions of fuel usage, as well as fuel saved relabive to
the baseline case, should not be employed to draw conclusions regarding the
single best direction for research. Rather, the reasons why certain options
did or did not result in large estimated fuel savings should be analyzed and
understood in order to determine whether a productive direction for research
ig implied in each case. In this report an attempt has been made to restrict
the analysis of results to those areas where clear interpretations can be
made and to stress the underlying reasons behind those results.

This study was performed by UIRC under contract to NASA, Ames Research

Center. The NASA Technical Monitor was Mr. Louis J. Williams, of the Research
Aireraft Projects Office. Associate contractors in the study were the

Douglas Aircraft Company, Lockheed-California Company and United Alrlines.
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Cost/Benefit Trade-offs for Reducing the Energy

Consumption of Commercial Air Transportation

(RECAT)

SUMMARY

A study has been performed to evaluate the opportunities for reducing the
energy requirements of the U,S, domestic air passenger transport system through
improved operational techniques, modified in-service aircraft, derivatives of
current production models, or new aircraft using either current or advanced
technology. Fach of the fuel-conserving alternatives has been investigated
individually to test its potential fcm fuel conservation relative to a hypo-
thetical baseline case in which current, in-production aircraft types are
assumed to operate, without modification and with current operational techni-
ques, into the future out to the year 2000.

Specific fuel-conserving options examined in the study, in addition to the
baseline case, are:

e Operational procedures with and without advanced Air Traffic Control (ATC)
e Retrofit to, or modification of, current aircraft types

eDerivatives of current aircraft types

e New near-term aircraft using: current technology

e New far-term aircraft (propfan and turbofan) using advanced technology

Characteristics of each of these options, as they affect either the
aircraft themselves or the system in which they operate, were developed by
associate contractors in the study effort, and the system effects were analyzed
by the United Technologies Research Center (UTRC). Aircraft and operational
characteristics were developed by Douglas and lockheed. -These data
- were then rev1ewed by United Airlines to insure consistency and realism in
- the economic and operatlonal parameters characterizing each optlon, and the

date were then transmitted to UTRC for systems analy31s.

In the UTRC analysis,of the air transport,system, the fuel-conserving
options were not simply introduced into the future system by mandatc; rather,
~elements of each option were accepted into the system only as they could com-
pete in an economic¢ sense, the:cby'nromotlng realism as to the air Lransporb
System which would evolve from each option. The air system simulation involved
the generation of the required fleet to meet the forecasted travel demand in
each of four forecast years -- 1980 1985, 1990, and 2000 The forecasted
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demand is itself affected by the quality of service offered in each option as
‘measured by fare, trip time, and service frequency, since one element of the
demand forecasting process involves a modal split among all competing trans-
portation modes (air, rail, bus, and automobile).

Complete trmwel statistics for each option -- passenger flow, fuel
consumed, air system costs, environmental (noise and emission) impacts, and
details of the aircraftfleet--arecomputedanuallyamdcnmmﬂativelv,andare
compared with the baseline case and with each other. The fuel conserving poten-
tial of each option is thus displayed for purposes of evaluation. In addition,
other effects of each option -- demand satisfied, user cost and time, noise
and emissions, and required government spending -- are evaluated in a benefit/
cost analysis to add insight into conclusions derived from energy considera-
tions alone. Based on the results generated in the system simulation, impacts
of each fuel-conservation option on airlines, the aircraft industry, air
travelers, alrports, and the government are guantified, and regulatory impli-
cations associated with the possible impacts are discussed. Finally, broad
recommendations as to advisable actbion relating to the fuel-congervation
effort are offered. : '

ro
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CONCLUSTONS

Modeling Validity

1. The 600 city-pair system on which the RECAT simulations were based provides
a very good representation of the U,S. domestic air transportation system. TIn
terms of origin-destination demand, the system accounts for 62 percent of the
round-trip air passengers and 64 percent of the air passenger-miles; on the
basis of enplanements, it comprises 83 percent of the air passenger-trips and
86 percent of the air passenger-miles. Consequently, the simulation of fuel-
conservation options in the study is adequately representive of the Jomestic
scheduled air carrier system. :

2. When the passenger/fleet assignment model was tested to duplicate the

- 1973 fleet, very good results were achieved, both with respect to total fleet
size and fleet composition by airplane type, thereby indicating the validity
of the fleet forecasts with fuel-conservation options.

Baseline Results

1. In the baseline case, wherein only airecraft presently in production are
available for assignment throughout the foretast peried, a 37.1 percent
improvement occurs in air system fuel efficiency (pass-mi/gal) between 1973
and 1980, and minor improvements in later years. However, more than half of
this improvement comes from study ground rules concerning increased load factor and
seating density. Based on fleet mix alone, i.e., replacement of older models
by less fuel-intensive airplanes, particularly wide bodies, a 13.1 percent
fuel efficiency gain occurs by 1980. Although further gains occur in later
years, increased use of wide bodies on short, hlgh-den31ty routes, where their
efficiency is not better than smaller models, depresses the magnitude of these
additional savings.

T2 The effect of doubling the fuel price in the baseline case leads to a required
fare increase which results in a significant reduction in short-term (1980)
demand. In terms of percentages, the reduction 1n,demand is sllghtly greater
than the saving in fuel so that fuel eff1c1ency is actually reduced with high-
prlced fuel. In later years the fuel prlce effect diminishes because, with
progectedlncrea51ng1ncome fere becomes & smaller portion-of total trlp dig=-
utlllty'(cost

3. The primary mechenism bybwhich fuel could be‘conServed in a‘éhert«term
fuel-allocation scenario would be by increasing load factor. However, a load
factor 1ncrease alone could be counter~product1ve bevause the operatlng ‘cost
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saving it would be reflected by a fare reduction (assuming fixed return

on investment (ROI) at the 12 percent CAB value) which would stimulate demand
and thereby tend to increase fuel use. A more realistic fuel-allocation
scenario, in which load factor is raised to 70 percent while simultaneously
holding fares fixed at the baseline values, results in fuel savings of from
20.1 percent in 1980 to 26.1 percent in 1990 and 23.5 percent in 2000. An
alternative fuel-allocation scenario characterized by arbitrarily restricting
the increase in fuel used to 50 percent of the baseline increase achieves
smaller savings in the short term (6.5 percent in 1980), but greater long-term
savings (22.5 percent in 1990 and 32.5 percent in 2000). However, these fuel
savings may not be achievable in practice because they entail very high system
load factors for which there is no historical precedent. In particular, it is
possible that significant demand rejection might occur under such conditions,
a factor which was not specifically modeled in the simulations.

L, A significant effect in the fuel-allocation scenarios is increased use of
three-engine wide-body aircraft (3EWB) relative to the baseline, and reduced
reliance on larger four-engine wide bodies (4EWB). The reason for this dif-
ference in fleet composition is the higher fuel effiéiency of the 3EWBs as
compared with L4EWBs. (The fleet assignment algorithm was instructed to select
aircraft on the basis of fuel efficiency'rather than ROI in the fuel-allocation
scenarios. )

Fuel-Conservation Options

Operational Procedures Options

1. Implementation of changes in operational procedures to conserve fuel,
within the present air traffic control (ATC) system, produces a measurable
saving in fuel at a negligible investment cost. The measures prlmarlly respon-
sible for this saving are aerodynamic cleanup and improved engine maintenance
standards. However, part of this saving comes from speed reductions which
increase operating costs and fares, thereby depress1ng demand.  On the basis
of fuel efficiency (seat-mi/gal), there is an improvement (relatlve to the
baseline case) of from 2.6 percent in 1980 to 3.3 percent in 2000. These
improvements are accompanied by demand reductlons (enplaned air pass-mi) of
from 5.7 percent in 1980 to 2.8 percent in 2000.

2. If gradual upgrading of the ATC system brings about significant reductions
. In unproductive time in the enroute and terminal phases of fllght further -
improvements in fuel ise can be effected. Assuming ‘a block time reduction of
5 mlnuﬁes/fllght for -each magor hub 1n.l985 and beyond, and incorporating the
operational procedures changes as well, fuel eff1c1ency rises to about a 5 per-
cent 1mprovement over the basellne case., In terms of total fuel used; this
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gain is largely negated by an equivalent stimulation in demand which is caused
by reduced operating costs and fares.

Retrofit/Modification Options

1. Based on the projected retirement of existing aircraft, particularly four-
engine narrow bodies (LENBs), retrofit/modification options result in annual
demend-adjusted fuel savings (relative to the baseline) of between O and 6 per-
cent in the 1980s. Slightly higher cumulative savings are achieved when JTh-
and JT3D-powered LENBs are reengined with more efficient refanned JT8Ds then if
reliance is placed strictly on aerodynamic modifications.

2e An even more effective option in the 1980s is to restrict themodifications
to newer aircraft types only, ‘i.e., no retrofit of out-of-production models
which are retired according to the more rapid baseline schedule. This strategy
results in about a 1 percent additional savings in annual fuel use in the
1980s. Although retrofit/mod options should be viewed primarily for their
near-term impact, the cumulative savings out to the year 2000 are not very
different in any of the cases studied.

3.  When the basic retro/mod options are considered under the assumption that
no retirements of existing models occur in the period from the present time
(1975) to 1980, results change significantly. Because a delayed retirement
schedule causes the retention of less fuel-efficient aircraft in the fleet for
a longer time, annual fuel savings, relative to the nominal retirement sched-
ule, are considerably reduced in the 1980s.

4, In the retro/mod options, the investment in new equipment, including
retrofitting existing aircraft, is almost directly related to fuel:savings.
Delaying retirements by dinvesting in retrofits yields the smallest fuel saving
but also the smallest investment, and vice versa. If far-term (2000) results
are disregarded, the best retrofit/modification option on a system basis
appears to be one in which out-of-production aircraft presently in the fleet
are not retrofitted and are retired by the mid-1980s, while existing and new
deliveries of 1n-product10n aircraft are modlfled for improved aerodynamic
efficiency.

Aircraft Derivative Opbions

1. Of the elght derivative aircraft provided by the manufacturers, only
three were economically attractive enough to compete successfully with base=
line in-production models. The remainder were either not assigned to any
routes or were as51gned in such small numbers that they‘were best omitted,
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2. Of the three derivatives that were assigned in significant numbers --
DC~9-30DL, DC-10-10D, and L-1011L -~ the I-10llL was clearly the most attrac-
tive airplane. It has a large seating capacity, a low price and good fuel
efficiency, making it an excellent replacement for the B-TW7 over the dense
short and intermediate sbage lengths to which that airplane had to be assigned
in the baseline case for lack of a good alternative.

3. Tn the basic derivative option, significant savings in demand-adjusted
annual fuel use (17.1 percent) and cumulative fuel over the baseline case (9.7
percent) were achieved by the year 2000. However, these savings were due
almost exclusively to the favorable impact of the L-1011L. When the L-1011L
was omitted, annual demand-adjusted savings diminished to only 1.5 percent and
cumulative savings to 1.3 percent. Therefore, the availability of an airplane
with the fuel efficiency and cost parameters of the I-1011L would have a very
favorable effect on fuel conservation.

New Near-Term Aircraft QOption

1. The new near-term aircraft option is similar to the derivative case in that
it combines relatively early availability with good improvement in fuel effi-
ciency over baseline in-production airplanes.' The favorable economic charac-
teristics of these airplanes resulted in rapid introduction into the fleet,
which is a vital prerequisite to achieving an impact on fuel conservation.

2. By the year 2000, new near-term aircraft comprised more than 60 percent
of the fleet, thereby resulting in annual demend-adjusted fuel savings of 20.5
percent over the baseline case, and cunulative savings of 11.6 percent. This
effect was achieved primarily through displacement of the B-7M7 and,. to a
lesser extent, the DC- lO/L-lOll and B-727-200.

NeW'Far—Term.Alrcraft Optlons

1. The far-term options featuring the 200-passenger propfan with 1985
technology (N85-200P) did not produce large fuel savings, despite the very
good fuel cfficiency of. the airplane Besically, the disappointing results
_ocecur because only cne alrplane was introduced, its design range restricted
its assignment to routes under 1500 miles, and its capacity was not big enough
to displace exlstlng wide bodies on the most dense routes. FEven when the N85-
200P was given the benefit of an early introduction (prior to 1985), its impact
on fuel conservation was compromised by the above limitations. :

2. Very large fuel savings were achieved by the far- term aircraft options
which consisted of one Targe airplane (the NB5-500) and one smaller airplane
~ (either the 85-200 or the N85-200P).  Cumulative demand—adgusted savings of
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11.9 percent, relative to the baseline case, were achieved by the year 2000
even though the airplanes did not enter service until after 1985. By the end
of the period, far-term aircraft comprised almost half of the fleet.

Impacts Analysis

1. Airlines: Improvements in ATC are beneficial Jo the airlines

because they facilitate lower-cost operations without direct airline investment.
The basic derivative option is also favorable from #n sirline viewpoint,
especially in the long term, because of the relatively small investment
required.

2. Manufacturers: Manufacturer impacts are more favorable in the short term
than in long term.  The operational procedures option with ATC improvements
is attractive to manufacturers for the same reason it is attractive to air=-
lines. Retrofit/mod options are basically unattractive to manufacturers
because they delay airline investment in new equipment, and because some of
the retrofits will be done by the carriers themselves. Overall, the new near-
term aircraft option offers the most business to manufacturers, although all
the derivative and new-aircraft options give some improvements compared with
the baseline case.

3. Alrports: If airport activity is the most important measure, the best
airport impacts are produced by the new-and derivative-aircraft options in
which large, low-noise airplanes predominate. Retrofit options are poor
because they retain older, noisier aircraft longer than the baseline.

4, Government: Derivative-and new-aircraft options‘save the most fuel and
gilve the besl emissions reductions. Retrofit options are undesirable because
they save less fuel than the high-technology options and because they increase
emissions over the baseline, Of the derivative- and new-aircraft options, those
options which require new technology involve considerably more R&D expense
than those which do not, thereby favoring either the derivative or the new
near~-term aircraft options. However, the greater fuel sav1ng of the far-term
aircraft option helps to offset 4"hls cost.,
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RECOMMENDA TTONS

The UTRC portion of the RECAT Study did not provide a strong basis for
the formulation of technology recommendations. Technology aspects were treated
by the other contractors in the specification of aircraft designs, and these
designs were employed in the fleet forecasts. Nevertheless, some of the
primary results of the UTRC study do have implications for future research and
technology effort.

Recommendation No. l: Design of a large-capacity airplane aimed at good- econ=
omic and fuel consumption characteristics, specifically
for short and intermediate stage lengths

Much of the fuel savings estimated in the forecasts, including the base-
line option, derived from the replacement of existing narrow-body airplanes by
wide bodies. Although this replacement occurred over & broad spectrum of stage
lengths where very high service frequencies would have been required with
narrow-body aircraft, fuel efficiency gaing were not universal because, at
short stage lengths, the fuel efficiency data for currently available wide
bodies was poorer than for the narrow bodies they replaced. Therefore, fuel
efficiency gains tended to level off with time in the baseline opbtion as
present wide bodies were used at progressively shorter average stage lengths.
A consequence of this leveling off in the baseline was that those technology
options which offered a more fuel-efficient replacement in the high-volume
markets achieved significant gains over bageline fuel usage.

Despite the fuel savings that were estimated in the derivative-and new-
aircraft options, the large-capacity aircraft which generated the savings were
not necessarily conceived with good short-stage economice and fuel efficiency
in mind. Tt would appear, therefore, that even greaber fuel savings would
be achieved if an advanced wide-body airplane were designed specifically for
the shorv-to-intermediate-range market. Such a design would have to gtress
features normally found only in smaller aircraft, such as ease of maneuvering
on the ground, good airport compationility, and general attractiveness for
‘short-haul operations. Since the RECAT designs may not include such features,
their aSsignments in this study may be oversteted. However, the historical
trend of steadily increasing aircraft size is likely to accelerate in the
fPuture as ameans of forestalling airside congestion at busy airports. Therefore,
the decision to graduate to the largest aircraft capacity available may be
forced by future growth. The resulbts of the baseline case show that efforts
to conserve fuel would be severely compromised if relianceis'placedcnlpresently
gvailable (long-range) wide-bodies. . ' '
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Recommendation No. 2: More precise determination of the cost incurred
and fuel saved by improvements in operational
procedures

A second research and technology option has been identified with respect
to improvements ¥n operational procedures. Of all the fuel-conservation
alternatives, procedural improvements offer the most immediate fuel-conservation
benefits. Even though the fuel savings which are achlevable by procedural
changes may only amount to a few percent, the fact that early implementation
is possible, plus the likely compatibility of procedural improvements with
technology advances, makes this alterrative worthy of further interest.

In the RECAT étudy, the procedural improvements were defined in rather

- general terms, Rough estimates were made by the manufacturers of percentage

fuel reductions for various airplanes in each of several categories such as »
speed reduction, clinmbing cruise, ete., These estimates were then reviewed by
UAL, although only minor changes were made, and it appeared that uncertainty
existed with respect to the practicality of the suggested changes, particularly /
with regard to the possible cost of their implementation; however, cost estimates '
were not made. : : ;

It is recommended that further study be made of operational procedures
in order to ascertain the real fuel savings that can be achieved and to
identify the costs involved so that the likely implementation of the pro-
cedures can be addressed., The impact of fuel price and availability must
be an important aspect of such studies. Furthermore, the gathering of basic
technical and economic data to permit a better evaluation of procedural changes
may be in order. An example is the economic trade-off between the increased
cost of more frequent maintenance of engine and airframe systems and the ,
decreased cost of fuel due to improved efficiency. Credible estimates of '
the cost of such measures and the fuel savings they facilitate may prompt
carriers to adopt: them more readily.

- Recommendation No. 3: Design propfan-and turbofan-powered alrplanes w1th
' equ1valent technologg assumptions 1n order that a
fair camparison’-can be made: between ‘these propulszon
;alternatlves.
The true fuel conservatlon potential of the propfan was not determlned
in the RECAT study because only one propfan—powered de51gn was 1ncorporated
~in the far-term aircraft optlons, and because the size and airframs technology
: assumptlons of this des1gn were not entlrely compatlble w1th the Jar-term,
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turbofan-powered designs. DNevertheless, on the basis of fuel efficiency, the
propfan airplane had an advantage over an equal-capacity turbofan airplane.
Therefore, there is good reason to believe that fuel would be saved by switch-
ing from turbofan to propfan power if the comparison were made equitably. It
is recommended that several propfan and turbofan aircraft be designed with
seating capacities from 200 to at least 400, and with completely compatible
assumptions as regards airframe and engine technology. These airplanes would
then be compared as alternative options to future fuel conservation. The more
attractive propulsor would then be utilized in the scenario comparisons rec—
ompended below. '

Recommendation No. 4: Further study of a realistic scenario (ci scenarios)
which combine discrete fuel-conserving options for
maximum benefit

A final recommendation relates to the guestion of how to better estimate
the actual fuel savings advanced hechnology will bring. The nature of the
RECAT options was quite selective; each one provides an indication of the
conservation potential of one particular development and its implementation,
but no single option, including the baseline, describes a likely fubure
scenario, = Therefore, strategies for future fuel savings cannot be well-
formulated on the basis of present RECAT results. Rather, the best RECAT
options should be considered in various combisiations to determine which
options complement each other and which conflict. The potential savings
available from an evolutionary strategy in which procedural and technology
improvements are viewed together, rather than as alternatives, would provide
a firmer basis for research and technology policy formulation. The model
assembled in the RECAT study, and the aircraft data which were generated,
are well adpated to further analyses of this type.

10
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b INTRODUCT ION

Although the portion of transportation petroleum fuels consumed by
commercial aircraft is only about 7 percent, it is generally recognized that
airplanes compare unfavorably with other transportation vehicles in terms
of energy intensity, though the deficiency is often overstated. This unfavor-
able position is related closely to the high installed power-to-weilght ratio
of the airplane, a consequence of its high speed, but considerations such as
passenger and freight loadings, seating density, stage length and selected
cruise speed are contributing factors. Historically, airplanes, like other
transportation vehicles, have not been designed with fuel consumption as the
primary consideration because the ready availability and relatively low cost
of petroleum fuels did not warrant major emphasis on this one factor in the
operating cost equation. This situation changed abruptly in recent years,
as improved fuel economy has emerged as a high-priority research area through-
out the transportation sector. Because of their high energy intensity, com-
mercial aircraft are recelving a larger share of this attention than would
appear appropriate considering the small fraction of the nation's fuel they
consune.

There are numerous ways by which aircraft fuel consumption can be reduced.
These measures range from procedural improvements in the system to new designs
incorporating advanced-technology components. FEach alternative for saving
fuel carries with it a cost and an implementation period which complicates
the comparative evaluation process. Only a thorough analysis can sort out

“the costs and benefits of these alternatives and show them in context. The
objective of this study has been to consider a wide range of fuel-conserving
options and to determine the cost/benefit trade-offs attendant to each.

Study Organization

The structure of the RECAT Study was unusual in that NASA selected four
contractors to carry out separate but interdependent studies. The contractors
included two alrplane manufacturers: Lockheed-California Company (LCC) and
Douglas Aircraft Company (DAC); one operator: United Airlines (UAL); and one
consultant: United Technologies Research Center (UTRC). Although these -
participants were separately contracted to perform their individual tasks
pursuant to the accomplishment of the study objective, the nature of the tasks
was such as to require close coordination. throughout the study,‘ihcluding,
mubual agreement on ground rules and methodology as well as sharing of data.
The division of tasks among the RECAT contractors can be generally swmarized -

-~ as follows: . k : k ' '
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Contractor Primary Responsibility
Manufacturers Aircraft Designs, Modifications, Derivatives
Operator Design Review; Documentation of Current Air-

planes
Consultant o Demand and Fleet Forecasting; Benefit/Cost

Analysis of Fuel-Conserving Options

Although the demand‘ahd fleet forecasting task was the primary one in
the UTRC study, several other tasks were also carried out, inecluding:

Fw N

development of a plan to coordinate the study;

an assessment of the foreign market for used U.S. commercial aircraft;
an estimate of the fuel used by all-cargo and international aireraft;
consideration of the regulatory effects of fuel-conservation strat-
egies; ‘
definition of new, far-term,. fuel-conserving aircraft based on the
Boeing Terminal Area Compabibility Study;

implementation of a fleet assignment model in combination with

demand and modal-split models;

determination of the impacts of fuel- conservation measures on
operators , manufacturers, government, airports, and travelers;

a beneflt/cost analysis comparing the fuel-conserving options; and
recommendation of research and technology areas for fuel conservation
based on the RECAT results.

The first two of these tasks were documented in the Interim Study Report,
Ref. 1, and.are not included in this report. The results of the third task
are used in Appendix A to estimate fuel used by U.S. certificated carriers,
and the derivabion of far-term fuel-conserving aircraftis provided in
Appendix B. All remaining tasks are documented fully in the main body of -

this report.
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TFuel-Conservation Options

Qualitatively, four types of fuel-conservation alternatives were
considered in this study: improved operating procedures; modification of
existing aircraft models; derivative models of existing aircraft; and newly
designed aircraft. The specific options for which results are presented in
this report include several examples from each of these categories in addi-
tion to a baseline case in which the nominal evolution of the system was
forecast in the absence of further fuel-conservation measures. Moreover, in
view of the uncertainty of fuel price and availability in the future, several
cases were studied with baseline assumptions except for higher fuel price
and/or restricted fuel availability. 1In all cases, forecasts were made for
the years 1980, 1985, 1990, and 2000, and comparisons were made with the base
year, 1973. A summary of the fuel-conserving options considered in the RECAT
Study appears in Table I. The specific features of each option are described
in greater detail in a later section of this report, but can be summarized
as follows. :

In the Baseline Option (I) only those aircraft listed in the " In-Produc-
tion" column were assumed to be available as replacements for retired air-
planes and to accommodate demand growth in the forecast years. As conceived,
the Baseline Option represents an extension of present aircraft usage into
the future. No fuel-conservation measures are enforced, beyond those already
being practiced by airlines in 1973, and no new or derivative aircraft are
introduced in the forecast period which extends to the year 2000. Although
this definition of the Baseline Option is severe in that these assumptions
are quite conservative and probably not realistic, it does represent a trac-
table datum from which to measure the effects of system improvements on fuel
consumption. Furthermore, the range of seating capacities covered by the

‘baseline aircraft is broad enough (92 to 386 seats) to keep flight frequencies
within manageable bounds. . These samefairplanés were retained as competitors
to new and derivative aircraft in Options IV to VI; i.e. ) the fleet forecast-
ing model was presented with a mix of available aircraft, for as31gnment to
each route; whlohalways included at least the baseline 1n—productlon alrplanes.

The Operational Procedures Option (II) was included t6 obtain an estimate
of the fuel savings achievable by improvements in airline operations. These
‘1mprovements are divided into two catagories: Option ITa, Which incorporates
airline operations and maintenance measures compatible with the present ATC
system through relatively minor adaptations, and Option IIb, which combines
these measures with an 1mproved ATC env1ronment assumed to be 1n.ex1stence by
the mid- 1980'5.
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RECAT FUEL CONSERVATION OPTIONS

In-Production

Aircraft

nology features

plus

Year of First
Option Description Aircraft Introduction Forecast Year
I‘Baselinef Extension of present aircraft usage.  No B-T37-2003 DC-9-30; 1973 1980
fusl conservation measures beyond 1973 B-T27-200; DC-10/
practice. No new or derivative aircraft. I-1011; B-TkT7=200
ITa Operational Procedural improvements: Speed reduction Same as Baseline 1977 1980
Frocedures to Long Range Cruise Speed; 2QOO ft step
climb; Load to aft e.g.; Aerodynamic clean-
. up; Reduction in Operating Fmnpty Weight;
Tmproved engine standard; No ATC
improvements .
IIb :‘Operational Procedural improvements in ITa plus im- Same as Beseline 1977/1985 1980/1985
~Proc, with ATC proved ATC
IITa Aero Selected modifications to: in-service air- Same as Baseline 1978 to 1982 1980
Retrofit craft: Aerodynamic cleanup; Winglets; '
‘ Fairings; No ‘engine retrofit
B IIIb Aero Retrofit Selected modifications including JT8D Re- Same as Baseline 1978/1979 to 1980
' Reengine engine of JT3D-powered airplanes 1982
IV Derivatives Selected derivafives of DC-9, DC—lo; Same as Baseline 1979 1985
' 1,-1011, B-T27 ' plus Derivatives
V‘New;Near—Ténn’ New designs incorporating current tech- Same as Baseline 1980+ 1985
Aircraft . nology features plus NB0s
VI ‘New Far-Term New designs incorporating advanced tech- Same ‘a5 Baseline
' ' N85s 1985+ 1990

9T~9E02T6~9LY
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Options featuring retrofits or modifications of existing alrplanes
(Option III) are also divided into two categories: Option IIIa includes
aerodynamic modifications specifically tailored to each of the baseline
in-production aircraft, and Option IIIb includes these aerodynamic changes
pluszeplacemenbofJTuandJT3DengineswithrefanJTBDenginesonfirst-genera—
tion turbojet and turbofan models. In each case, the lifetimes of the retro-
fitted airplanes are extended to reflect the additional investments incurred
by these modifications. Furthermore, new additions to the fleet also include
the changes, so that the entire fleet incorporates the retro/mod features by
the 1985 forecast year.

Derivatives of the DC-9, B-727, L-1011, and DC-10 airplanes were
designed by the manufacturers¥* for Option IV. These derivatives compete with
each other and with their own baseline models for assignments to the 600
city-pair routes in the demand and fleet assignment process. Although intro-
duced in 1980, these aircraft are not assumed to be in airline service in
large numbers until 1985.

The new, fuel-conserving, aircraft designs based on current technology
(Option V), and advanced technology (Option VI), are introduced in the
early and late 1980's, respectively. The near-term designs include the
_aerodynamic, structural, and propulsion system improvements, over the base~
line aircraft, that are avallable for a design begun in 1976 (e.g., super-
critical wings, composites in secondary structure, and JTIOD/CFM56 engine
‘technology). "Tn addition to this technology, further advances are assumed
for far-term aircraft, including the use of composites in the primary
structure, active controls, and turboprop engines of advanced design.

Report Structuré

The intent of this report is to present the results of UTRC's portion of
the RECAT study and to document the analytical models by which the results
~were generated. Since the reader's primary interest is likely to be in the

results rather than the methodology, the main body of the report is devoted
largely to an exposition of results. However, since the credibility of the
results is very much a function of the analytical approach, a section of the
main text has been devoted to a description of the Demand and Fleet Model
Development phase of the study. Through the unique features of this model
it has been possible to represent a large fraction of the domestic air trans-
port system, and to simulate the effects:of offering a variety of equipment

¥ Data for the Bf727-300 cam6~frdmkUAL"
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types on the characteristics of the system. Therefore, an understanding of

the structure of the model is deemed essential to an appreciation of the
validity of the results.

, In order to improve readability of the main text, documentation of other
analyses utilized in the study has been relegated to the Appendices.
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MODEL DEVELOPMENT

The major methodological task in the RECAT study was the development of
a computerized procedure by which to simulate the passenger and fleet assign-
ment process in the domestic air transport system. The objective of this
task was to construct a model which is sensitive to changes in certain study
parameters which were expected to vary from option to option. These parameters
include fare, particularly as affected by the cost of fuel; service frequency; trip
time; and load factor. Only by determining the way the aircraft would be
utilized in service can the fuel used in each scenario be estimated.

RECAT Model Structure

A basic element of the model was in hand at the outset of the study. The
passenger demend and modal-split models which are used to forecast origin-
destination (0-D) air demand in a multi-mode travel environment were previously
developed as part of UTRC's Corporate-sponsored program. As shown on the left-
hand side of Fig. 1, these programs accept inputs descriptive of future popu-
lation and income growth, as well as characteristics of the candidate inter--
city travel modes (air, auto, rail and bus). These characteristics affect a
passenger's choice of mode as ‘expressed by the disutility* of travel.

The second modeling procedure, indicated in the center of Fig. 1, is

~ the passenger and fleet assignment model. = The purpose of this program

is to convert the forecasted 0-D demand to an estimate of the required aircraft

on each route in the air transport network. TIts development was the primary

" methodological accomplishment of the study, and most of this section 1s
devoted to a description of its structure. ~ :

o Before describing the fleet assignment model, however, it 1s important

to understand how the model fits into the overall procedure assembled for the
forecast. A general picture of this procedure also appears in Fig. 1, showing
not only the models but also the major input and output quantities in each,

- -and the 1nterrelat10nsh1ps which tie the programs together.  As shown by the

arrows in the figure, a set of feedback loops is present, necessitating an
iterative solutlon to stabxllze on approprlate values of the important param-

eters.

* Dlsutlllty is defined as either the total cost of travel (out- oP-pocket cost
travel time:value of tlme) or the total time of a trip (travel tlme + oub-
of-pocket cost/value o1 time).
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Bach fuel-conserving option (uppermost box in Fig. 1) is described by
a set of aircraft which may include existing types, modifications and/or
derivatives of these types, and new aircraft. In addition, a fuel price or
a fuel allocation scheme may be specified as part of the scenario. Data
descriptive of the aircraft are used as inputs to the calculation of opera-
ting cost, and also to make a preliminary aircraft selection (for each route)
on the basis of return on investment.* In addition to achieving the best
economic performance among those aireraft available in the fleet, a mix of
aireraft is selected so as to include s range of passenger capacities.

The operating costs of the airplanes affect the fare level, which is
chosen to provide an acceptable ROI (12 percent) for the total system. Similarly,
the trip time and service frequencies appropriate to each route, based on
the aircraft assigned in each case, provide the necessary inputs for a
refinement on the initial estimate of the 0-D passenger demand. When this
revised demand is used in the passenger and fleet assignment model, a new
fleet is composed, and then the process is repeated until convergerice is

~achieved; i.e., demand, fare, and system ROI are in equilibrium. '

Results for a particular fuel-conserving option provide a "snapshot"
of the total system from which values of important system parameters can be
selected. Certainly, total fuel consumed is one of these but, in addition,
such quantities as total investment in new aircraft, user costs (fare),
operations required at busy hubs, etc. are of interest. Knowledge of the
system's characteristics provide necessary inputs to the last of the three
modeling procedures indicated in Fig. 1, a Benefit/Cost Model. = Using this
model, which was developed at UTRC prior to the RECAT study, a benefit/cost
analysis is performed in order that the implications of each option can be
viewed in terms of its impact on the system, and to put fuel consumption
into perspective with other system costs.

Adaptation of Demand and Modal-Split Models

- The modal-split model, derived using 1972 National Travel Survey data,
is used to compute the share of the travel between two cities captured by each

* The alrcraft ROI data used in this first economic screening were provided by
United Adrlines. Fach airplane was evaluated as it would bE‘expebted to func-
tioninUAL?ssystem,andrequiredloadfactorsfbrzilSpercentROI’were generated
for each stage length. The fleet assignment model then used the load factor
ordering of the candidate aircraft as the initial criterion in the assignment process.
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of the competing modes. This is done on the basis of the "disutility"
associated with each mode; separate computatlons are made for business and
pleasure travelers. A wore complete description of the demand and modal-
split models appears in Appendix C.

Air shares computed by the modal-split model were combined with air
travel data from the CAB Origin-Destination Survey to estimate total travel
(via all modes) for 84 city-pairs for the years 1958, 1966, and 1972. These
estimates, along with wean disutilities also computed by the modal-split model,
were used to develop and validate the demand model. This model computes the
demand for transportation between two cities as a function of population,
per-capita income, ease of travel as measured by the mean disutility, and the
diversionary effects of other cities. The 1958-1972 period spans the
conversion from piston to jet aircraft, during which significant changes
occurred in block times, fares, and service frequencies; substantial growth
in population and income also occurred. The model has thus been validated
over a range of input values comparable to the range expected in the 1973-2000
forecast period. :

With both models sensitive to the characteristics of ailr service,

~ changes in those characteristics will affect both the total demand and the

air share of the total demand. The total-demand effect is wore important on
long routes where air would be expected to dominate the other modes under
simost any circumstances and the air share is relatively insengitive to
service characteristics, while the air-share effect is more important on short
routes where auto is the dominant mode, thereby making the total demand
relatively insensitive to air service characteristics.

passenger and Fleet Assignment Model

As stated earlier, the demand and modal-split models and the fleet
assignment model are the two principal modules of an iterative procedure to
determine the system's operating conditions for each fuel-conserving option
to be studied. PR 3 e ‘

The basic program structure is represented by the simplified block

- diagram of Fig. 2. The first step is computation of the air demand for a
_600 city-pair sample using the demand and modal-split models applied to
each city-pair. This is the 0-D demsand reflecting the ultimate endpoints of
the traveler's journey, regardless of the routing used. The 0-D demand is
then assigned to specific routes (city-pairs with nonstop service) using
routing data for each city-pair available from Table 12 of the CAB Origin-

_ Destination Survey. Since travelers shown by the~CAByas,traveling direct

20
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may make interuediate stops (without changing planes), enroute stop informe-
tion from the Official Airline Guide (0OAG) is also required. Route assign-~
ments may also be influenced by congestion constraints at some hubs, which
necessitate use of larger aircraft, and by new nonstop service for growing
city-pairs having little or no nonstop service in the base year.

The total passenger flow on each route is found by adding an unforecasted
residual to the forecasted O-D flow. This increment represents passengevs
connecting from the many smaller ciby-pairs not included in the 600-city-pair
forecast. The size of the residual for forecast years is found by taking
the base-year value and multiplying by a growth factor.

The next step involves the assignment of aircraft to each route. Base-
year aircraft assignments (less retirements) are initially assumed for the
forecast years, and néw aircraft are added to each route to compensate for
retirements® and demand growth. Only one new aircraft type is assigned to
each route, with the selection depending upon several factors, including:

(1) aircraft return-on-investment characteristics provided by UAL for each
of the aircraft types in the study; (2) the size of the aircraft relative to
the demand to be satisfied; (3) the target load factor; and (4) the allowable
frequency growth in view of possible congestion. The new fleet mix is then
used to compute new fares (for a 12 percent system ROI) and block times which,
along with the new frequencies, influence the demand and modal-split computa-
tions, thereby requiring feed-back to the beginning of the process. This
entire procedure continues iteratively until convergence is achieved,
typically in three to five cycles, System summaries such as fleet sizes,
fotal fuel consumption, etc. are then output for subsequent use in the.
benefit/cost analysis. : :

Data Sources

A considerable volume of data was utilized in order to accurately account
for the assignment of the 0-D passenger demand by route ané to describe the
structure of the system as regards utilization of aircraft in the base year
(1973). The primary sources were Tables 12 and 13 of the CAB Origin-Destina-
tion Survey, the CAB Service Segment Data, and the Officlal Airline Guide
for August 1973. The nature of these sources and the way they have been
used in the passenger and fleet assignment modeling process are described in
the following paragraphs. .

% The retireﬁedt algorithm used to remove old aircraft from the fleet is
described toward the end of this section. ‘
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CAB 0-D Survey_

The 0-D survey consists of data for each of upproximately 45,000 city-
pairs. It is constructed from a 10 percent sample of all tickets and describes
the routes followed by passengers traveling among these city-pairs. The data
are subject to several limitations, primarily in that stopover times at
enroute (connecting) points are not indicated, and there is no way of deter-
mining if the itineraries noted on the ticket involved enroute stops at which
the passenger did not depart the flight. The 0-D survey data also include
a large volume of extraneous information (for the purposes of this study)
concerning the airlines used on each fligh% segment. Moreover, the great
multiplicity of routings used to connect cach city-pair complicates the
problem of modeling these routings in a straightforward way. In CAB Table 12,
an "itinerary" consists of both the city routings and the airlines used on
each segment, and the same routing appears several times in a particular
city-pair listing. For example, the youting A-C-B (city A to city B with a
connection at C) appears as A-al-C-azLB, A-aq-C-a3-B, etc., where aj, ap, and
a. are the airlines used. Furthermgre, if one city has multiple airports,
elther the particular airport or the general designator used on many tickets
can appear (i.e., JFK-ay-C-25-B, FYC-al~C-a2-B, etc.). Thus, arriving at an
accurate total for a particular vouting A-C-B requires the aggregation of
many individual data elements scattered throughout a lengthy city-pair listing.
(The Table 12 listing for New York-to-San Francisco, for example, is about
135 pages long.) Fortunately, in most cases a few data elements accounted
for most of the itineraries and a lower cut-off of 2 percent of the total
could be used when tabulating data elements for aggregation.* However, it
was necessary to redo a number of long-distance city-pairs using a smaller
cut-off value in order to include a reasonable percentage of the total.
Eventually, 91 percent of the origin-destination demand was accounted for,with
88percenttravelingdiréct(i.e., no connections)and 3 percent making connections.
(Note that this high percentage of direct trips refers to the 600 city-pair
sample which contains many high-density routes.) Of the remaining 9 percent,
most were scattered among a great wany itineraries which individually
accounted for insignificant fractions of the city-pair total, while some
should have been aggregated into significant itineraries but were missed
because of the cut-off level. : ' :

*  Since the limitations of this study did not justify use of computerized

 data reduction, Tables 12 and 13 of the survey were obtained in microfilm -
form, and the required data were recorded manually. Although this procedure
‘necessitated*some‘simplifying‘aSSumptions to reduce the number of routings
to a manageable number, the results describe the system quite well. : :
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Data from the August 1973 Official Airline Guide were processed by
computer from a data tape, thus facilitating a complete description of
required information for each city-pair. In particular, the average number
of nonstop flights per day by each aircraft type, and the associated block
times, were computed for each city-pair. Of the 600 city-pairs in the sample,
351 had a low level of nonstop service (defined as five or less fllghts/day
in each direction), including 117 with no nonstop service. For these 351
city-pairs, the number of one-stop flights per day was also tabulated,
along with the intermediete-stop city associated with each flight. 1In
addition, the number of connecting flights was determined for each of about
200 city-pairs having low levels of both nonstop and one-stop service.
Because of computer limitations, this latter tabulation was done manually.
The one-stop data were used to augment the CAB data in assigning passengers

to other routes, since the CAB data fail to distinguish between nonstop and
other direct (i.e., no connections but one or wore intermediate stops)
itineraries. This phase of the a331gnment is predlcated on the relative
attractiveness of the nonstop vs. one- stop service, based on block time and
the schedule inconveniencc factor used in the disutility computation.

CAB Service Segment Datu_

An important source of data for the purposes of this study was the CAB
Service Segment Dats listing, which tabulates from carrier reports the total
number of passengers actually carried on nonstop flights serving a particular

route, as well as the departures performed and the load factors. .Since these -

data describe the actual aircraft loadings on each route over which they
were used, they were an important supplement to the 0-D Survey data in formu-
lating the passenger assignment model. The departure data were used to
adjust the August frequencies obtained from the OAG to accurately reflect
annual average daily frequencies. Although this correction resulted in
frequency adjustments of as much as 60 percent for a few individual city-
pairs on which traffic is seasonal, most: frequen01es were changed by only

10 percent or less. and the total number of operatlons for each type of
alrcraft showed negligible change

A compariSon of the fleets required to serve the 600 city-pairs, and
the total fleets of the domestic trunk, local service carriers, and ;
approprlate intrastate carriers used in scheduled service, is glven in Table
TI. The required fleets were calculated by converting the average dallv ‘
frequencies to fleet requirements using. city-pair block *times and a utiliza-
tion curve (Fig. 3) derived from 1973 CAR data (Ref. 7). The representation
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TABLE II

COMPARISON OF FLEET STZES AND AVERAGE STAGE LENGTHS

Avg. Airplane Stage Length

1 Ll
CV-580/600, F-27, FH-227

4

3rd Quarter Fleet

B-7208, DC-8-20/30/50/62, CV-880, BAC-111

rDomestic Trunk, Local Service, and Intrastate Carriers in Scheduled Service

- Total Domestic 600 City- (Statute Miles)
Fleet Pair Fleet Coverage Total Dam. 600 City-Pairs

58 (60)3 65 112%  (108%)° 1858 1714
/69 (16)3 80 116%  (105%)3 980 1034
718 (22)3 20 111%  (91%)3 1199 1347
1k 137 96% 586 1070
43 39 91% 923 93L
282 2h7 88% L8k 550
345 286 83% 5Ly 643

1hs 87 - 60% - 299 360
230 172 T5% 306 Lo3
© 8L L6 55% 2Tk 373
177 123 % 119 159
L6 _180 3% 632 _Tqik
1840  (1853)3 1372 5% (Tu)3 L2 630
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of the total fleet is 75 percent; all aircraft types are well represented
except turboprops, which are used primarily on very short, low-density
routes, not included in the data base. The wide-body types appear to be
overrepresented; this can be partially explained by comparison with the
third-quarter (August) fleet data rather than the annual average.  Other
potential sources for this discrepancy are higher than-sverage August
utilizations, and, possibly, inaccurate reporting by the airlines or the
CAB, particularly with respect to domestic/international use of the same
aircraft. Comparison of average stage lengths shows good agreement except
for the overall average, a result of the underrepresentation of the turbo-
prop aircraft. '

Passenger Assignment Process

The objective of this process is to coavert the forecasted 0-D passenger
demand into passenger loadings on each nonstop route segment. This conversion
requires that the distribution of direct and indirect (connecting) passengers
be determined for each O-D city-pair, and therefore a complete picture of the
passenger flow among cities must be constructed. A major complication in
describing this system is the fact that-only 600 of the approximately 45,000
- city-pairs in the system have been modeled due to computational limitations.
An additional complication arises from the nature of available 0-D and
segment data, some of which are subdivided by airline and must therefore be
aggregated for purposes of this wmodel.

To facilitate understanding of the passenger sassignment process, which
is complex and difficult to describe, the base-year passenger flow analysis
diagrammed in Fig. h has been constructed with vertical and horizontal sym-

metry. The flow proceeds vertically downward, starting with O-D demand, QOD’
which 1is computed 1ndependently of the assignment process for each city-pair®
by the demand and modal-split models. At the middle of the diagram, this

0-D flow has been converted to a quantity representing the number of coupons
written, C, and at the bottom the passengers on each route have been assigned
‘to arrive at the desired gquantity, the number of nonstop passengers, QNS'
Horlzontally, the flow is divided into three basic parts, with the left side
degcribing the flow of direct passengers on routes represented in the 6OO
city-pair sample, the center describing the ass1gnments ofkconnectlng
passengers to or from other routes which are also in the forecast sample, and
the right side describing the assignments of connectlng passengers to orx from
routes which are not in the sample.‘; '

* Although the process described in Fig. 4 is carried out for each of the 600
city-pairs . in the sample, the data shown 1n each box refer to totals for all
600 c1ty-pa1rs. :
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FIG. 4
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The O-D demand, Qpp, is divided into direct (Qp) and connecting
passengers (QT and QRT) as given in Table 12 of the CAB Origin-Destination
Survey. Possible routings for these passengers are indicated in parentheses
in Fig. 4; these routings are shown in Fig. 5 to illustrate various types
of flights serving city-pair A-B. The direct passengers (Qp) can use nonstop
flights (A-B or A'-B) or one-stop flights (A-D-B); the connecting passengers
may follow itineraries involving other city-pairs in the 600 city-pair fore-
cast (Qp) or may follow itineraries involving city-pairs not in this forecast
(QRp). The connecting passengers assigned from other city-pairs in the fore-
cast to a particular city-pair form the quantity Qp. An example would be 0-D
passengers from city-pair E-B connecting at A and hence assigned to route
A-B (and also E-A if included in the forecast). The value of Qp for any
route A-B is determined from the appropriate values of QT for other city-pairs
(such as E1l-A-B, E2-A-B, etc.) which assign passengers to A-B, as indicated
by the broken arrow in Fig. 4. Similarly, the residual assignments from
routes not in the forecast (QRp) result from the various values of QRy;
~however, QRp cannot be computed directly unleSs all 45,000 city-pairs are
‘considered. An indirect computation of QR is possible since the sum (QD
Qp +-QRP) is tabulated in Table 13 of the 0-D Survey as the total number of
coupons, C.

The number of coupons, C, includes passengers using both nonstop and
other direct service. However, an exact breakdown is not available, thereby
requiring the use of an approximate algorithm. As a simplification, only
nonstop and one-stop flights have been considered. The aSsignment of-
passengers to either nonstop or one-stop flights, which is explained in
detail further on, is a computed allocation made on the basis of relative
disutility, considering the total fllght time and the schedule inconvenience
associated with the service frequency. This computation results in assign-
ment of all coupons to nonstop flights (Cyg). if the nonstop frequency is
greater than about four per day (in each direction) and of most coupons - to
nonstop fllghts for nonstop frequencies between two and four.. The coupons

_assigned to one-stop service can be assigned to routes which are either :
included (Cq) or not included (CRp) in the forecast, as determined by the one-
stop data taken from the OAG, (Note that the lower portion of Fig. L is
entlrely analogous to the upper portlon, con51der1ng coupons instead of 0-D
passengers.) Summlng the appropriate values of CT for all 600 city-pairs,
the value of Cy can be computed The residual assignments from other rontes
'(CRF) cannot be found directly, but the total passengers enplaned on nonstop

~ service (Qyg) is available from the CAB Service Segment Data. Subtraction
of (CF + CNS) from QNS glves CRF ' o
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Numerical values in Fig. 4 show total passengers and passenger-miles
for the 600 city-pairs for each step of the assignment process. Note that
the totals for 0-D passengers and passenger-miles are increased by assign-
ments made from other city-pairs. Thus, while the network includes only 6l
percent of the total domestic passenger-miles on an O-D basis, the flights
serving the network carry 86 percent of the total enplaned passenger-miles.

The net result of this process is to transform the 0-D demand (QOD) into
the number of passengers actually enplaned on nonstop flight segments (Qns) -
This process has been described in detail for the base year; however, for
the forecast years a significant simplification is possible since it is not
necessary to distinguish between passengers using one-stop flights and those
making connections at intermediate points. For the purposes of this study,
if an O0-D passenger on route A-B is assigned to routing A-X-B, it makes no
difference if he changes planes at X or uses a one-stop flight. The important
consideration is that he occupies a seat on both the A-X and X-B routes.

The passenger assignment wodel used in the forecast years is shown in
Fig. 6. The maximum total potential demand for nonstop service (Q) is found
by adding together the forecasted 0-D demand (Qop), the assignments from other
“routes (Ap), and a residual demand representing assignments from routes not
in the forecast. The residual is found by increasing the base-year residual
(QRy + CRy in Fig. 4) by the growth in the total 600 city-pair O-D demand.
Thus, the maximum demand for a city-pair is given by

_ '~ ' ' 27 Q
Q = Q.. + A_ + (QR. + CR.) x[ ..O.D_]
0D i " ¥
B 2 QODB.

Where‘the subscript B refers to base-year (1973) values.,

o In'order'to estimate fleet requirements:for each route; it is vecessary
to estimate the number of passengers, Qyg, who actually use the nonstop
service. _ , -

= F- .
QNS = [CO + Cl _}T'] Q .

EJ

s

i where F is the total nonstop service freguency and FE is the equ;valent
frequency of all the services offered (nonstop, one-stop, and connectlng)

The above expression divides the potential demand between nonstop and other
“service based on the relative attractiveness of each alternative, as measured
by . its equlvalent frequency. The constants Cy and Cy are falculated from base-
year data as described below and are unique to each c1+y—pa1r.r
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The equivalent frequency is calculated by considering the schedule
inconvenience and travel time penalties associated with each type of
service. The schedule inconvenience functlon, Tg.peqs 18 part of the modal-
split wodel and relates the service frequency to an equivalent time which
is then added to the travel time anhd used in computing the trip disutility.
(This is discussed more fully ir the appendix dealing with the demand and
modal-split models.) For each city-pair, the base-year one-stop and conuecw
ting frequencies were added together to form the total additiocnal freguency
AFp; for the forecast years, this additional frequency is assumed to grow
at the same rate as the total number of nonstop flights in the 600 city-pair
network. Thus,

AF f AFp x l%%%B]

In addition, the average time penalty, AT, associated with the additioral
frequency was found by averaging together the block time penalty (relative
to nonstop service) of each one-stop flight, and a nominal penalty of 1.6
hours for each connection. The equivalent nonstop frequency is determined
from the actual nonstop freguency, F, and the additional service chaLacterl-
~stics, AF and AT, by

AFXAT
F+AT

-1 ;
Fp = MAX { F, Tgched [Tsched(F+AF)+

Tn this expression, the schedule inconvenience of the total available fre-
quency (F + AF) is added to the average time penalty, and this total time

is then converted back to an equivalent frequency. Since the time penalties
associated with one-stops and connections could more than offset the
convenience of their higher frequencies, it is necessary to check that Pp
is not less than F. The equivalent frequency, Fp, is used 3long with the
nonstop block time in computing the air disutility in the modal-split
calculation. The relationship between the frequency ratio, (F/Fg), and

the nonstop frequency, F, is illustrated in Fig. 7 for two typical situations--
four one-stop fllghts/day each w1th a 1.0-hour time penalty, and ten conrec-
tlons/day, each with a 1. 6-hour penalty Although each city-pair has its
own unique one-stop and ‘connecting serv1ce, all have a: similar relatlonshlp
between F and Fp. Fp equals F when F is greater than about three to five.
Also, from;the above equation, Fg would be about 2.0 even when F = O.

The relationship between (Qug/Q) and (F/FE) is shown in Fig. 8 for
three possible situations. For 249 city-pairs, there was sufficient nonsbtop
service in 1973 that (P/FE)B was unity. For these high-frequency cify- palrs,
it is assumed that QNS/Q) will retain its base value in the forecast vearsf

5
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as long as (F/FE) remains at unity. If F should decline sufficlently so
that it falls below the equivalent frequency, which is unlikely, then
linear interpolation is used. Thus, the number of passengers using nonstop
service on high-frequency city-pairs is given by

s = (42 (L) o

where (F/Fz) is generally 1.0.

It was observed that the wvalues of QNS/Q for the 249 high-frequency
city-palrs decline as distance incresses. This presumably occurs because
longer trips are morelikely to involve multiple destinations. Thus, even
though ample nonstop service exists, some travelers (about 15 percent on
transcontinental 1outes) stop at intermediate points and are thus assigned
to other routes This relationship is used to establish a nominal maximum
value for Q /Q) for the 117 city-pairs which did not have nonstop service
in 1973 (i.e., (F/FE)B = 0). As nonstop service is introduced on these
routes, the nonstop passengers are given by interpolation as

Q 7 '
(), ()¢
Q /Nom\ “®

where
s ' ,
o = 0.994 - 0.052x(distance/1000)
Nom

Finally, for‘the remaining 234 city-pairs having low-frequency levels
such that 0 < (F/Fg)p < 1.0, a two-segment linear interpolation is used.
For frequencies below those of the base year, ‘

NS T

(QNS/Q)B ( ) Q
(F/Fp)

% In collecting data for the 0-D Survcy, the CAB ignores the length of time
spent at each enroute point. Thus, the farthest point on a round-trip
1t1nerary is the "destination', and intermediate points are assumed to be
connectlng p01nts, even though they may in fact be additional destmatlonq
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In the more likely event of an increase in freqguency, the maximum value of
(QNS/Q) is found by a weighted average between a projection of the base-year
data, ; : :

Qs (Qns/R)B

(——Q-'_)Proj " /)y

and the nominal maximum defined above. [Thus,

()08, () (o), 6]
(9, () k- (2)

(Note that (QNS/Q) gy 1S DOt allowed to exceed 1.0.) This weighting places
more emphasis on t%e projected value when (F/FE)B is closer to 1.0, and
relies more heavily on the nominal value when the base-year frequency is
very low. Thus, the number of nonstop passengers is given by

Nom

eofim) [ ) ),

Referring back to Fig. 6, thos: passengers who do not use the nonstdp
service are assigned to other routes using the same assignment pattern as
determined in the base year. The number of passengers assigned to a parti-
cular route is given by: ‘ ' :

AT = T, (Q—QNs)

| i
“where
Qp, +Cp Ag,
ij = d i = )
-~ 2XQr #Cp ) +QR4+CR -
T, Tor TR Q-Q
L B % 1p
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Thus, the level of assignments to other routes will vary (presumably decrease)
in the forecast years as nonstop service is increased, but the pattern of
those assignments will remain the same. By carefully modeling the base-year
system with respect to routing patterns and the use of nonstop service
frequency, it is possible to make forecasts that reflect the effects of growth
while preserving the fundamental structure of the existing system.

The assignment of passengers from one route to another requires that the
city-pairs be processed in such an order that assignments are always made
"ahead" to routes not yet analyzed. The determination of such an ordering
requlred the construction of a fairly elaborate computer program.. This
program also processed the other base-year data and prepared an - extensive
data base for use by the passenger and fleet assignment model. These data
included the process ordering and base values of QNS/Q s (F/FE), 32 AF,

AT, and (QPF + CRF) ;

Aircraft Assignment Process

Tn the discussion above, it was shown that the number of passengers
-enplaned on each route depends on the nonstop fréquency except on those
routes where (F/Fg) = 1.0. Since the flight frequency depends on the num-
ber of passengers, the expressions above for Qug must be solved srmultaa

» neously with those given below for F. Furthermore, the entire passenger and
aircraft assignment process must be completed for one city-pair hefore
moving on to the next. The aircraft assignment algorithm assumes that air-
craft in use on a partlcular route in the previous forecast year will
remsin in use (after adjustment for retirements) and that the remaining

required capacity will be filled by a single new aircraft type appropriate
to the option wnder study. Frequency and load factor considerations deter-
mine the type and number of alrcraft chosen. Thus, abrupt changes in the air
system are avoided.

Aircraft aggsigmments are made sequentially for each route, the first
“step being to set minimum and maximum values on frequency. These limits
are based on the total nonstop frequency in the previous year, Fg, and are
graphically -depicted in Fig. 9. They were estimated bJ’Judgment and.

adjusted to Ilt emplllcal ev1dence, as fol]ows

for FO,< 8 | FMIN =1+ 0.875 FO

Faax = 8 + 1/2 Ty
bem e DamtZiIT
‘fork8 < FO s‘l5 Py = 8 + 1/2 Fo
Ctor By 2 16 CFymy = 2 + 3/4 Ty

S Fuax = Fo
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Relative to the previous year, frequency is allowed to increase (but cannot
decrease, i.e. Fymy > Fg) on low-frequency routes (Fg < 8); on high-frequency
routes (Fy > 16), no frequency increase is allowed, i.e., Fyax = Fg, but a
decrease of from 12 l/2,percent to 25 percent is permissible, These cri-
teria were developed to increase service where needed while at the same

time restraining overall frequency growth to avoid congestion at the large
hubs .

A maximum load factor, LFypy, is set at 60 percent for routes under
1000 miles and Hawaiian routes, and 56 percent for routes over 1000
miles. These values reflect both the desired 58 percent overall system
load factor (average of the two values) and historic variations in load
factor with stage length.*

The total frequency provided by existing aircraft on each route, IF,,
is determined from the previous-year frequencies less retirements. Thus,

Fp =2 RiFi

where the summation is over allaircraft types in use on the particular
route, and Ry represents the retirement factor, as discussed below, associ-
ated with each aircraft type. If FR‘lS greater than Fyry, no new aircraft
are needed, provided the load factoris less than LFyayx. (This occurs on
routes with very low base-year load factors.) The load factor is given by:

IF = Qug/Sg »

where Sy is the total of all seats provided by the Fp existing flights. If
new aircraft are reeded, the "in-production" aircraft btype meeting range
requirements and having the lowest 15 percent return-on-investment Lload
factor (LFpoT), as provided by UAL, at the given stage length is considered
first. The new aircraft frequency Fy, is set to (FMIN~-FR), and the load
factor v ; , ' '

~ aus/ (85 * SxPy)

¥ . These load factor assumptlons are operative only when the target load-
factor for the entire system is the nominal 58 percent figure adopted for .
the study. For special scenarios in which the system load factor was
specified to be higher, the assumed values were increased correspondingly,

-
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is calculated, where Sy is the seating capacity of each new airq;aft. If
IF < LFyax, the aircraft is too large. If LF > LFyays the value of Fy at
which LF = LFyax is determined. (Note that if the total frequency, F =
Ty + Fp, is less than about 4, an iterative trial-and-error procedure
involving the simultaneous solution of the expressions for Qg and LF
given above is required.,) If F > Fyax, when LF = LFyax, the aircraft is
too smally if F < Fyayxs the aircraft is acceptable.

The process described above ig repeated, with aircraft types considered
in order of increasing LFgots until an acceptable agssignment is made. IFf
no acceptable aircraft is found, a selection is made from among the rejected
alrcraft according to the following priorities:

Fo >8 (1) Preferred frequency range (Aym < F < Fuax)s if none,
(2) select best large aircraft (highest LF « LFyax with F set
to FMIN); if none
(3) select best small aircraft (lowest F > Fyax with IF

LFyax) -

To < 8 .
0 (1) - Preferred frequency range (FMIN < F < Fyax); if none,
(2) select aircraft with highest F, where Fg < F < Fyqy; if none,
(3) Select best small aircraft (lowest F > Fyax with LF =
Ifyax)s if none,
(4) Select best large aircraft (highest ILF <« LFyax With F set to
Fo ).

These priorities are shown graphically in Fig. 9. Note that the total fre-
quency is forced to be at least FPymy (Fo > 8) or Fy (Fp < 8) even if a
load factor less than LFypy results. Conversely, the load factor is never
allowed to exceed Liyax, even if this requires a frequency greater than
Fmaxs

For those routes which had no nonstop service in the previous forecast
year (Fg = 0), a different procedure is used. TFor each in-production air-
craft type, the frequency, F, is set to 0.5% and the resulting load factor
ILF is computed. If LF < LFpgr, the aircraft is unacceptable; if P = IFRoT
F is increased wntil LF = LFppre This process is repeated_for all available
aircraft types and the one offering the highest frequency with LF = LFRoT
(if any) is selected. In the above procedure, LFyax is used instead of
LFgoT whenever LFROI_> LFMAX (i.e., new routes should not have s higher load
factor requirement than existing routes). , E

*  Throughout the assignment process, frequencies are allowed to assume
~noninteger values, This is appropriate since the frequencies represent
" averages over an entire year, during which there could be seasonal, day-of-
week, and directional variationsg as well as growth-induced increages.

b1
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The aircraft assignment algorithm tends to favor small aircrsft for
low-density routes and large aircraft for high-density routes. Use of ROI
as a criterion in the assignment process is proper only whest more than
one aircraft type is appropriately sized for a particulzr route.

It is believed that this algorithm is a reasonable model of airline
behavior in a competitive envirorment. As a test of this hypothegis, the
algorithm was used to "forecast" the 1973 fleet. In this test, 1973 was
considered both the base and the forecast year, with no demand growth. The
entire fleet of each in-productien aircraft (B-747, DC-10/1-1011, B-727-200,
B-737-200, D(-9-30) was "retired", but all other types were retained. The
algorithm was then used to assign the in-production aircraft. TFor this
test, the range betwesn Fy and Fyayx and Fypy was narrowed to force the fre-
quencies as close as possible to Fos also, values of LFRor reflecting 1973
fuel costs and seating capacities were used. A trial-and-error variation of
LPyax was performed unti” the system load factor was close to the 1973
value.

Overall results of this test case, as shown in Table III, are quite
good., Perfect agreement for each sub-fleet would not be expected because
the wide range in actual route load factors is not reflected by the algorithm.
Furthermore, the early introduction dates of some aircraft relative to com-
peting types (e.g., B-TH7 before DC-10/1-1011) explains the overestimates
in their fleets. ‘

Aircraft Retirement Algorithm

The forecast period of this study extends to the year 2000, or 27
years from the base year, 1973. Since this period exceeds the expected
service lifetime of a typical commercial aircraft fleet, it is necessary
to devise a retirement algorithm which permits removal of old airplanes.
Particularly in the baseline case, where models introduced as early as
the late 1960's are assumed to accommodate growth out to:the end of the
century, the retirement process must be specified in detail so that the
required number of new aircraft in each forecast year can be determined
accurately. ' ' ‘ : :

In the fleet assignment process, the forecast years are taken up in
sequence: 1973, 1980, 1985, 1990, and 2000. Thus, the 1980 forecast
requires knowledge of the disposition of aircraft in service in the base
year; because the number and type of new airplanes to be assigned to each
route will depend on the fraction of the 1973 fleet that has been retired.
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TABLE III

USE OF ATRCRAFT ASSIGNMENT ALGORITHM TO
REPRODUCE 1973 FLEET

Actual Algorithm
600 City~Pair Fleet:

In Production: - B-ThT 65 - L6
DC-10/1-1011 100 1h7

B-727-200 : 247 221,

B-T37-200 87 79

DC-9-30 172 200

Out of Production: , TOL - T0L
TOTAL , 1372 1395
System Load Factor ; 51.2% 50.5%
. Total Flights/Day 6615 6629

L3
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Similarly, the the 1985 forecast the retirements which take place between
1980 and 1985 will affect the 1985 fleet assignments. However, the dates
of introduction of all of these airplanes must be accounted for in each
year, since part of the original 1973 fleet may still be inoperation in
1985.

The procedure for generating the retirement factors for in-production
aircraft is illustrated in Fig. 10 for the Baseline DC-9-30 fleet as an
example., Originally introduced in 1967, the fleet consisted of Ne73 air-
planes in the base year., As with all aircraft in the study, the assumed
aircraft lifetime, Tp, is 16 years. For simplicity, the buildup of the
fleet between each pair of orecast years is approximated by a straight
line. Thus, the time history of the base-year fleet is indicated by the
shaded area labeled "Airplanes Introduced in the 1967-1973 Period". The
1973 fleet remains intact until 1983, at which time retirements commence
exactly in keeping with the 1967-1973 introductions. In Fig. 10, the
portion of the 1973 fleet still in service in the first forecast year,
1980, is designated N73'.* Since none of the 1973 fleet has been retired
by 1980, the new 1980 fleet assignments debermined by the fleet assignment

model, Nyy3.80, are added to N73’ to get the total in 1980. However, in

the next Fforecast period, 1980 to 1985, retirements of the base-year fleet
begin. Thus Ngg', the 1980 fleet still in service in 1985, consists of
all the new airplanes introduced in the;previous period plus. a fraction of
the base~year fleet. ' '

The number of new DC~9-30 aircraft required in 1985 is small, thereby
causing a decline in the total fleet from 1980‘t0~l985. In the next five-
year period, 1985-1990, fleet size at the DC-9-30 conbtinues to decline.
as retirement of the base-year fleet is completed. In 1990, the number of
required new aircraft,’NN85_9o, is somewhat larger than NN80-85 due, in
part, to the fact that the base~year fleet 1s gone and rebirements of the
next sub-fleet have begun. Continuing the process to the last forecast year,
2000, it is seen that all aircraft have been retired except a small por-

tion of those introduced between 1980 and 1985 and the aircraft added

between 1985 and 1990. - These airplanes, which total Ngo', comprise the

entire carryover fleet of DC—9—3O'S in the last forecast year.

The example shown in Fig. 10 illustrates the basic approach of the
retirement algorithm., Aircraft are introduced in discrete quantities

% 8ince none of the in—produdtion'models in this study were introduced

‘before 1967, and Tp = 13, N73'= Np3 in every case; i.e., the 1980 retirement

factor s zero.
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corresponding to the buildup of the fleet between forecast years. Based
on an assumed lifetime, the retirements proceed as "reflections" of the
introduction segments. Thus, the important parameters in the derivation
of the retirement factor equations are the introduction year, Yq; the ser-
vice lifetime, Tp; the forecast-year fleets: N73, Nggs N85’ N9O and Nops
and the new airplanes introduced in each period: Ni73-809 NN80—85’ and

Using the index i1 to represent the forecast year, and the symbol A
for the period between i and the next period (i + A), the retirement factor
is defined as the fraction of the fleet in year i which was retired between
iand i+ A.

The fleets Ni' are determined by summing the remaining airplanes from each
group introduced in a previous period., . These terms are always less than or
equal to the total airplanes introduced in that period and greater than

or equal to zero., The resulting retirement equations are as follows:

(1,-7
| R B
R80/ =1-173-Yol ~ =0
73 ; N73
E
Tn-5 | Tp-12
— M3.g0 * || M3
Rg, =1 - 73,
5 o
/80 o
Ty=5 Tpy-10 [p-17
[— ] "g0-85 +[ P ] "¥73-80 +[ P | Y3
R90/85'= 1-L2 L7l 73-Yo
Ti—lo] [T -15] ‘ [T -eo] ’[T -27]’.
: D N D N 1-D . R s
; N + ] Noo _ae + N, +1. N,
¥85-90 80-85 * [ — -
RloO/O=l-[ 5 ) 0 | Te) 0 T R ] T
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where the bracketed terms are not permitted to exceed the range zero to
l.o.

Each airplane type is described by particular values of the guantities
¥, and N which are required as inputs to calculate the initial retirement
factor. %TD is 16 years for all aircraft in the study. ) These quantities
are summarized in Table IV for the baseline airplanes. Introduction years
for the retrofit, derivative, and new airplanes are also given in the table.

Out-of-Productlon Aircraft

OQut=of-production aircraft include early models of narrow-body
airplanes including the DC-9, B~727, DC-8, B-707, B-720 and CV-880, as
well as one wide body, the B~TW7-100, Although these airplanes comprised
a sizable fraction of the fleet serving the 600 city-pairs in 1973 (51 per-
cent), many were due for retirement. Even between 1973 and the present
(end of 1975), almost 100 of these early models have left domestic fleet
service. Since out-of-production aircraft fleets can only decline, their
retirement schedules were based on the method described in Ref. 10, where
service lifetime was correlabed with maximum fleet size. Based on this

correlation the early-model narrow-body fleets are expected to be reduced to
negligible sizes by the mid-1980's.¥

Integrated Forecasting Model

The aircraft assignment algorithm was combined with the passenger flow
algorithm described above and the existing demand and modal-split models to
construct a complete forecasting program. In making a forecast, the program
was run iteratively, with air O-D demand feeding into the passenger flow
algorithm, and air frequencies, block times, and fares feeding back into
the demand and modal-split program. Air frequencies are calculated dlrectly
in the aircraft assignment algorithm; block times correspond to the aircraft
types assigned to each route and include  an additive correction.  These
corrections were calculated for each route by subtracting the theoretical
block time associated with the actual 1973 aircraft a351gnments from the
scheduled block time taken from the Official Airline Guide; the corrections
are both pos1t1ve and negative, and are related to delays ererlenced at
the airports 1nvolved

¥ A summary of the nominal retlrement schedule is glven.ln the upper’ portion of

-~ Table XVT, on page 85, ineluding an estimate 6f the 1975 fleets

b7
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TABLE IV

SUMMARY OF AIRPLANE CHARACTERISTICS

Max¥ Year of 1973 Flyaway** Flyaway Cost/
Other Airplanes Capacity Stage  Introduction, Fleet Size Cost Seat
Series A rplane Represented Seats S, Mi, Yo (600 city-pair) $1€)6 $/seat
{1980-2000)
Baseline: Out of. DC-9-10 70 1koo 1966 We k.100 58,600
Production B-727-100 102 2010 1966 286 7.880 77,300
pc-8-50 B-iBgte0E 139 3480 1961 130 8.600 61,900
DC-8-62 B-707~-3208 k9 5640 1967 An 8.940 80,000
DC-8-61 198 310 1967 39 10,300 52,000
po-g-zo D120, BE-0-30  yy 035 1958 80 7.210 51,900
Turboprop - CY-5R0/000,F-27, hs 300 1% N0 20,700
Fil-027 1200 )
Baseline: In Prod, .DC-9-30 2 e 1967 172 5,150 56,000
B~737-200 91 865 1970 87 5,620 57,900
Bu27-200 . 00 o o132 Jé?‘ﬁ‘z 1968 aly - 8.490 6h, 300
DC-10-10 10111 eTs k0 1972 100 20,130 73,200
B-747-200 - B-ThT-100 386 Shug 1970 65 29,160 75,400
Aero Retrofit B~737-200R 97 865 1978 0 5700 58,800
DC~9-10R ™ 1hou 1978 Y 0.3980 _—
BC-9-30K Y2 1auo 19718 4 B 56,800
B-727-100R 102 2010 1978 0 0,680 -
B-727-200R ) 132 1749 1578 0 8,570 Gl 900
Do-B-50r - S-I9fR-B 139 3080 178 0 0,159 -
DC-B-62R  B~T07-320B 1hQ 5640 1918 ® 0,250 -
DC-8-61R . 198 3470 1978 0 0,150 ==
pe-8-goR - - B-TR0, DC-H-30 .. 33y 13035 78 0 00155 -
DC~10-10R = L-1011-1 275 3040 1978 0 20,416 Th 200
B-T47-200R - F-1h7~140 384 5hu0 1978 o 29, 3 76,100
Aero/Engine DC-8-20ER 5720, LO-B-3G 139 3035 1979 0 b, 650 -
Retrofit DO-8-50ER  B-T07-1208 139 3480 7y a 4,870 -
: pe-8-61gR < BTR08 198 e 1979 o L 70 -
DC-8-62ER  B~707-3208 149 56ho 1979 0 L 870 e
Derivative tg-9=3001 117 Fele] LG n 8,810 R
: De-9-3002 1% tup 1980 0 16,000 )
1-727-300 156 2070 1970 0 IR 5,1
$0-10-10D - 1M 2544 1740 : i . 18, e
pe-10-50p Eak LG 1980 n 35870 T TN
i L-1011-LGHG : 407 05 1 " a0 e 1o
: L~1011-GHORT 200 1855 1ol 1 Coangaen a3,
: New Hear Tert 4A0=-000-1 200 1h50 1930 f
: ‘ 180-200-L za0 2900 080 o 9,0
' NBU-500-L 100 il 1983 o TR
Hew Far Term N85-200 . - ) © 201 2000 198 0 16, EAL
AR 185-350 ' 357 29kp. 1985 o 20,00t
ugs-s00 512 . 29ka 1985 ] 3530
n8s-200F 200 1hhe 10985 3] 16,775

* As supplied by UAL for 9% winter wind condition.
#%  Includes 155 Tor spares, For out-of-produstion Retrofitted Aireraft, tatulated casi is for retrolit only.

LG
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Fares are derived from & simplified ROI model. This model indicates
that, to achieve 12 percent ROI, system revenues less system operating costs
(including depreciation but excluding interest and income taxes) must
equal 14.2 percent of the initial fleet investment. TImplicit in the model
are a 48 percent tax rate, 0.6 debt/equity ratio, 8 percent long-term
interest rate, 1O=year depreciation period, 10 percent salvage value, and
non-aircraft investment equivalent to 15 percent of the aircraft investment.
Operating costs are calculated.fron1cost/hour data furnished for each air-
craft type by UAL, DAC, and LCC. Revenues are calculated from a yield-vse
distance curve based on 1973 experience and adjusted for the Phase O fare
adjustments provided by UAL, plus 10 percent for freight and mail revenues,
Tnitial fleet investment is the total purchase price of the fleet, including
spares. A revenue correction factor can then be calculated from

COST + 0,142 x INVESTMENT
REVENUE .

RCF =

and applied to the base fares, which are 1973 fares adjusted for Phase 9
and appropriately discounted for business and personal travelers. - Appli-
cation of this technique to the 1973 system showed that revenues exceeded
costs by an amount equivalent to 10.6 percent of the initial fleet invest-
ment, equivalent to 7 percent ROI; this is reasonably close to the actual
1973 ROI of 5 percent., o
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RESULTS OF DEMAND AND FLEET FORECASTS

The flow of aircraft data in this study was from the manufacturers (nce
and DAC), through UAL, to UTRC. An eiééption was the specification of charac-
teristics for the baseline alrplanes. Since most of these were present in
their fleet, the data were supplied directly by UAL. Subsequent data gener-
ated by the manufacturers for derivatives and new designs were then adjusted
by UAL to make them consistent with the cost and performance dochmentatlon

of the baseline aircraft.

The cost and fuel consumption characteristics of the various aircraft
which ware provided in the study are important determinants of the results,
since the fuel efficiency estimated for these airplanes is translated into
fuel savings only if the airplanes are assigned to routes. Assignments are
predicated on economic viability as debtermined in the UAL economic screening
phase where the required passenger loadings for a 15 percent ROI were calculated,
Therefore, the aircraft which comprise the resulting fleet in each fuel-
conservation option are those which compete well in the critical 15 percent
ROI screening, If these highly-ranked models are also fuel efficient, signi-
ficant fuel savings will result from their assignment,

To provide an indication of the cost and fuel characteristics of
the study airplanes, Figs. 11, 12 and 13 compare all airplanes in terms
of required revenue vs. fuel consumption for stage lengths of 500,

1500, and 2500 st. mi. The revenue parameter, which was computed by
ULRC, is intended to be a measure of competitive economic performance.

It is not identical to the measure used by UAL in the economic screening,
but 1t is similar in concept in that the UTRC parameter accounts for

all operating costs (including fuel) as well as capital recovery for a
12 percent ROI. Use of a 12 percent ROI at all three stage lengths is-
not reglistic in an operational sense and it should be stressed that ROI
was not constant with stage length in the simulstions. The use of a 12
percent ROI in Figs. 11 to 13 is a convenient assumption for the purposes
‘of these ailrplane comparisons.

The comparisons include all aiiplanes considered for assignment in
one or more options. The favorable parts of these diagrams are boward
the lower left, i.e., low requlred revenue and low fuel consumption. Slnce
_some airplanes consume less fuel but require more revenue than their
baseline competitors (e.g., DC-9-30D2 vs DC-9-30) these airplanes were
never assigned to routes. On the other hand, an airplane such as the
N85-500, a large, advanced-technology des1gn, is superior in required
revenue to the baseline wide bodies and also uses considerably less fuel
Therefore, the impact of this airplane can be expected to be great. 'In
- the discussion of the various fuel-conservation options, reference will
" be made to these diagrams and to Table IV,whlchxsummarlzes basic a¢Toraft
features, to explain the resulting fleet ass1gnmen*s.

50
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REQUIRED REVENUE FOR 12% ROl — $/SEAT—M|LE

FIG. 12
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Before proceeding with descriptions of the individual options, it is
important to understand the basic assumptions which are common to all the
results which follow. At the outset of the study, certain ground rules
agreed upon by the Contractors and the NASA Technical Monitor were documented
in a Study Plan Report (Ref. 2). These ground rules are summarized here in
abbreviated form in Table V in order that the results presented in thls
section can be interpreted properly.

Baseline (Case

As explained in the INTRODUCTION, the purpose of the baseline case is
to provide a datum by which to judge the amount of fuel saved in each fuel-
conserving option. It includes the purely historical data for the base year
(1973), as well as forecast data for the years 1980, 1985, 1990, and 2000.
Thus, the baseline case represents a nominal evolution of the domestic system
to the end of the 20th century, assuming that no new or derivative aircraft
are available for service during that period.  Growth in demand and fleet
retirements are accommodated entirely by replacements from the list of in-
production aircraft. Characteristics of these aireraft, and all other air-
craft which appear in one or more options, are given in Table IV. MNote that
in the case of existing airplanes, important models not specifically treated
in the study are represented by similar airplanes from the "in-production™
“and "out-of-production" listings.

A summary of baseline results for important system parameters is provided
in Table VI. DNote that,in all but the first column, the figures in the table
are representative of the 600 city-pair system. Comparing the first two
columns gives an indication of the accuracy of using this 600 city-pair system
instead of the entire domestic U,S., as the basis for the forecast. In all
imporbtant respects the representation is very high.

Since the 600 city-pairs comprise a predominantly urban portion of the -
total population, such characteristics as aVerage income, travel propenSity,,
air share of total O-D demand, business f{raction, and air passengers carried
nonstop, are higher in the sample than in the total U.S. Note also that
the total U.S. figures are documented nstional statistics, whereas some of ‘
the 600 city-pair figures are calculated values. Thus, there are some minor
1ncon31<tenc1es, such as the slight over- representatlon of Wlde-body air-
craft fleete, as explalned earller.

: of particular importance in this comparison are the representations of
air demand by the 600 city-pair system. Since the city-pairs were selected
‘on the basis of their contributions to air travel, they represent the air
system to a much greater extent than travel by,all modes. Whereas 62 percent

5h
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TABLE V
RECAT STUDY GROUND RULES

Seating : : Hub Constraints

e 10%/90% first class/coach split ® For stage lengths under 800 mi,
e 38-in. pitch first class; 34-in. coach no wide-body a/c larger than

e Lower-level galley, no lounge in wide-body a/c, DC-10/L1011 assigned to New York
‘e Base year: 8-abreast DC-10/L1011; 9-abreast ThT (LGA) and Washington (DCA)

[ ]

F'est yrs: Y-abreast DC-10/11011; 10 abreast T4T

9T-9€0216-9LY

Cargo & Pass. Allowances ; Fares

®  Cargo 10% of revenue ~ e The following yield curve was used;

® Passengers 200 1b., including baggage incorporates effects of CAB Phase 9

L ‘ ’ adjustments. Base-year discount

Economic Parameters levels assumed for forecast years

e All costs in 1973 (base year) dollars Dist. Base year Flcst Yrs.

e “nflation 5%; discount rate 8% ‘ (st.mi) ($/pass) ($/pass)

¢ Spares allowance 15% flyaway cost ’ '

e Tew z/c breakeven production run 250 a/c 0 7.70 8.50

e Depreciation period 16 years 500 41,80 44,10
‘ ‘ ‘ 800 59.30 60.30
- Operations Parameters 1000 70.80 69.20
S , ; ' - 1200 82.50 79.60

e Nominal load factor 58% 11600 - 101.90 ~ 96.80

e Operating cost: DoC - ATA updated 2200 130.90 123.10

T0C - Tockheed - 3300 154,00 1hh,30

~ (Adjusted by UAL for service experience) o Hawaii yields are $0.0418/pass-mi



TARLE VI

BASELINE CASE SUMMARY

,0 D Pass Trip Length - All Modes {St.

Fleet Slze

Total Population - 247 SMSAs (105 Persons)
Average Income - 247 SMSAs (1973 $/Person/Yr)

Aircraft Fuel Price (1973 $/Gal)
Travel Propensity - (Intercity Trips /Person/Yr)

0-+D Passencrer Demand -~ AJ1l Modes (.'LO6 Round' Trips/Yr)
(109 Pass-Mi/Yr)

Air Share of Total 0-D Demand (% of Round Trips)
(% of Pass-Miles)

Enplaned Alr Passengers (J_O6 One-Way Pass/Yr)
(109 Pass-Mi/Yr)

Avg. Growth Rate of Pass-Mi — 0-D - A1l Modes (%/1r)
- 0-D = fir (3/Yr)
~ Enplaned - Air (%/Yr)

Business Fraction of O-D Pass - All Modes (%)
' , - ‘ = air (8)

Mi.)
— Air (St. Mi.)

Routes with Nonstop Service
Air Pass. Carried Nonstop (%)

Faresg Rélaﬁivé to 1973

Fuel Consumed by &ir (106 Gal/Yr)
Avg. Growth Rate of Fuel Consumed by Air (%/Yr)
Air System Fuel Efficiency (Pass-Mi/Gel)
Vo (Seat-Mi/Gal)
Air System Load Factor (%)
Activity (Flights/Day)
Stage Length {St. Mi./Flight)
Aircraft Capacity (uEﬁtS/Fl}.@ht}
TOTAL

YE wB
3E WB
kB NB
3E NB
2E NB

TURBOPROP

Total U.S.
b ; Pt
omestic 600 City-Pair Sample Ave. Crowth
1973 1973 -~ 1980 1985 1990 2000 | Rate: 1973-2000
209,63 140.6  161.3 '170.5 180.5  196.3 1.0%
50413 5242 6552 The6 - 8382 11,003 2.8%
0.1256 Ml 0.1256 0.30 0.30  0.30 0.30
2.10% 2,60  3.11  3.52 3.88  4.86 2.3%
4o, 14 139.6  182.7 221.5 260.%  358.3 3.6%
263,24 119.2  16k.7  20h.3 245.4  352.6 L,1%
1555220 300 361 3.7 ka3 ke 1.7%
13,9120l 61,9 sk 731 75.7  B0.6 1.0%
177.25 474 2084 303.6 379.7  593.7 5. 3%
126.27 107.5  168.8  22h.1 280.5 L36.1 5.3%
- - b1 bk 3.7 3.7 -
- - 6.5 5.5 k.5 k.3 -
- - 6 5.8 b6 L5 -
20.5% 31.5  31.6  31.7 31.7  31.8 0
sk, 5T.9  53.0  50.6 8.7  L5.k -0.9%
299k ho7 L51 b61 L1 492 0.5%
go3¥ 869 B68 850  Bhi 82) -0.2%
7 483 485 Lol 503 51k 0.2%
63.5 89.60  91.k 92,6 93.3 ol.1 0.2%
1.000 1.000 . 0.995 ©0.957 0.950 0.937 -0.2%
77007 5808 6656  84k0 10536 16400 3.9%
- - 2.0 k.o k.5 b5 -
16.1 18.5 25,4 26.6 26.6 26.6 1.4%
31.1 36.1 k5,5 k6.3 L6,p 45,9 0.9%
51.6° 5.2 55.7  ST.3  ST.7  58.0 0.5
124567 6615 7328 8240 8959 11103 1.9%
k35 639 660 677 T12 Th5 0.5%
1233 136 172 192 . 209 shg 2,3%
18537 1372 15k9 1771 1992 2557 2.3%
60 113 227 353 8ko
98 240 340 455 651
Lo1 55 0 0 0
627 759 845 955 956
k9o 378 360 228 110
177 4 0 0 0

* Sm}ersc;rw n+§ re;e:*‘ ‘to spnrr-es 1p T15t o;f‘ Referegr'es

9T~9£02T6~9LY
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of air 0-D round-trip passengers are included in the sample, the sample has
only 32 percent of 0-D demand by all modes., Similar Tigures for 0-D passen-
ger-miles are 64 percent for air and 45 percent for all modes. In terms of
enplanementsg which includes the effect of indirect trips (i.e., invelving
connections) from other city-pairs impacting on the 600 routes, the sample
accounts for 83 percent of air passengers and 86 percent of air passenger-
miles.

In interpreting the statistics in Table VT it is instructive to consider
the average growth rates of various measures in the period from 1973 to 2000,
as given in the last column. For example, note that while population grows
at an average rate of only 1 percent/yr (an input based on Bureau of
Census projections), O0-D passenger demand (inpass -mi) grows at 4,1 percent/
yr for all modes and that the air share grows From 61.9 percent to 80.6 per-
cent of 0-D demand during this period., In addition, air enplanements grow at
more than five times the rate of population growth, although they are fore-
cast to grow at a declining rate over the 27-year period, A driving force
behindthisdemandgrowthistheprojectedriseinaNerageincome (Bureau of
Economic- Analysis, U,S. Commerce Department data), which results in increasing
travel propensity. Furthermore, reductions in "real" alr fares due to ;
increasing load factor, the increase in the fraction of passengers carried
nonstop, higher seating densities, and changeover of the fleet to larger, more
economical aircraft, are an additional stimulus to air demand growth.
Balanced againgt these demand-inducing effects is the rise in nominal Tuel
price from 12.56 ¢/gal in 1973 to 30¢/gal in the forecast yvears. The differ-
ence between the 1980 load factor of 55.6 percent and the target of 58 per-
cent is due to the need to preserve Treguency on low-frequency‘routes. (See
Preceeding discussion of fleet assigmment model.) Since many low=frequency
routes operated at load factors well below 58 percent in 1973, considerable
time is required for demand to catech up with capacity. Also, rebirements
of DC-8 and B-=707 aircraft oa long-haul, low-density routes result in asgign-
ments of equal numbers of flights by DC—lO/L-lOll‘aircraft (the smallest in-
production-aircraft with the necessary range) as replacements. Since demand,
growth cannot match this doublivg of capacity, low load factors result.- (The
overall 1980 load factor for the DC-10/1-1011 aircraft is only 52 percent.)
The emphasis on increasing frequency on low-density routes (which tend to
be longer distance), while holding frequency growth down on high-density

‘routes, plus the addition of 31 new routes mostly in the 800-to-2000 st mi

bracket, results in a 106-st mi increase in average stage length. Frequency
growth restraints on high-density routes also result in a nine~fold ‘increase

'in the wide-body fleet, compared to a doubling of the total fleet. As expec-

ted, the smallest aircraft (2 ENB) showed the largest decline in fleet size.
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Despite a near doubling of daily flights over the forecast period,
assumed increases in airport capacities (as provided by UAL) generally
prevent saturation. Two notable exceptions are at National and LaGuardia
airports, where severe airside congestion is indicated by 1990. The situa~
tion at these two airports 1s aggravated by their inability to handle the

B-747. A special provision in the aircraft assigmment algorithm prevents
assignment of the B-TL47 to short-haul routes (under 800 miles) involving
New York or Washington. However, sufficient capacity probably exists at
Dulles and Newark airports to relieve this congestion, provided airport
“usage patterns can be changed. ' '

A large gain inAair system fuel efficiency is indicated in Table VI,
although almost all of the improvement occurs during the 1973-t0-1980 period.
Three effects combine to produce this large improvement, as indicated in Fig.
11 *: (1) load factor contributes 8.8 percent of the increase, and is a
direct consequence of the study assumption that the target load factor in
all forecast years shall be 58 percent; (2) seating density contributes 1l.k
percent of the increase, and is also a consequence of a study agsunption,
namely that the future trend is toward a 10/90 split between first class
and tourist accommodations with slightly closer seat pitch on harrow-body
aircraft and more seats across on wide-bodies; and (3) fleet mix contributes
13.1 percent of the increase. Of the three effects, only the last, which
is achieved by the replacement of YENB aircraft by wide bodies, does not
directly stem from a study assumptlon, it occurs because the demand and
passenger/fleet assignment models predict this particular changeover in the
fleet. , '

As shown in Fig. 14, the fleet mix is the largest single cause of
improved fuel efficiency. During the 1973 -to -1980 period, the percentage
of wide~-body aircraft in the fleet increases from 12 to 23 percent (Fig. 15).
Despite the fact that the percentage of wide bodies continues to increase,
fleet fuel efficiency gains level off beyond 1980 because these aircraft
are being ubilized at shorter stage lengths where their fuel efficiency is
not much better than narrow bodies, and also because further increases in
load factor are small and there are no Turther increases in seating density.
That wide-body fuel use increases faster on shorbt-distance routes as time
progresses is illustrated graphically in Fig. 16, Nevertheless, the fact
that these aircraft are both larger and more fuel-efficient results in slower
growth rabes in activity, fuel use, and fleet size than in enplaned pass-mi.

- The steadﬁ increage in number of wide bodies is furﬁher reflected by‘
the slow increase in airport activity (flights/day) compared with the much
“more rapld increase in passenger traffic., Also note that alrcraft capaclty :

*Note that the improvements shown in Fig. 1l are multlpllcatlve rather than k
additive; i.e., 25 4 = 1.131 x 1,11k x 1,088 x 18.5.
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FUEL EFFICIENCY — PASS—MI /GAL

59

FIG. 14
1973—1980 FUEL EFFICIENCY IMPROVEMENT (PASS—MI/GAL)
25 25.4 .
LOAD FACTOR — 8.8%
r— —————
} SEATING DENSITY - 11.4%
20 FLEET MIX—13.1%
18.5 ittt gty
15 :
10
5
-0
1973 o 1980
76-03~71-9
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BASELINE FLEKET COMPOSITION

3000

LEGEND:
2ENB=2 —ENGINE NARROW BODY

3ENB=3 — ENGINE NARROW BODY

: 4ENB=4— ENGINE NARROW BODY
2500 - 3EWB=3-—- ENGINE WIDE BODY
AEWB=4— ENGINE WIDE BODY

2000

1500

< FLEET SIZE

1000

500

0 | . ‘
1973 1975 1980 1985 . - ' 1990 ©. 1985 . 2000

YEAR

76~03—71-12

60



FIG. 16

R76—912036-16

IN.LS ‘FONVLSIG 31LNOY

76-03-71—7

0009 0052 0002 00SL 000L 008 : 0
\—\ T T T T T e 0 m
W

-{z0 ,

(]

C

2

c

=

>

Lo 3

¢ p

4v0 m

X

g

~ =

®° o o

oo =z

; 2 g

3 90 s

° o 9

ﬂ_ﬂ

[es)

Q

)

aA

- 80 m.

-m
== ; .m
o'l .

14VHOHIVY aM3 ¥ AONY M3 €
38V ININ3SYE

JONV1SIA 31N0Y HLIM 30VSN T13N4 AQo8—3aIMm

i
m



R76-912036-16

grows at the same rate as total fleet size, almost doubling by the year
2000, This capacity growth is somewhat slower than the preceding period
of equivalent years (1946 to 1973), during which even higher air demand
growth was experienced.

Additional information on the way the baseline aircraft conbtribute to
the fuel consumption (gal/yr), productivity (pass ~mi/yr},and fuel efficiency
(pass -mi/gal) of the system is presented in Tables VII to X for the forecast
years 1980 to 2000, respectively. These tabulations also include load factor
for each of 29 distance categories. It is apparent that, in each table,
fuel efficiency increases with increasing stage length to about 1500 miles
and then fluctuates widely in response to load factor variations.

Baseline Sensitivity Studies

Before proceeding on to the fuel-conservation options, it is instructive
to consider the sensitivity of baseline results to fuel price and ».zilability.
The nominal fuel price of 30¢/gal in the forecast years is compatible with a
petroleum cost of about $12/barrel in 1973 dollars. Depending on the avail-
ability of fuel in the fubure, there is a strong possibility thalt prices may
rise above this level. The fuel price effect was estimated by running a
case in which the airline fuel price was doubled; i.e., a price of 60¢/gal
was used instead of the nominal 30¢/galo‘ Fuel allocations were simulated
by restricting the total fuel available in each forecast year, thus forecing
load factors up in order to satisfy demand.

Higher Fuel Price

Since an airline fuel cost of 60¢/gal represents a 30¢/gal increment
from the baseline, auto operatlnb cogts ard bus fares were increased to
reflect similar 30¢/gal increases in gasoline and diesel fuel prives. Rail
fares, which already include substantial subegidies, were not changed. 1In
the first run of this scenario, the higher fuel price raised operabing costs,
~Thereby requiring higher fares and causing a decrease in demand. These
effects were qualitatively correct but they were magnified by strict adherence
to the frequency rales in Fig. 9.  Because minimum freguencies on each route
were set at 1973 values for those routes with less than 8 nonstop flights/
day in each direction during the previous year and slightly lower than the
previous-year frequency on higher-frequency routes, the reduced demand forced
a reduction in load factors which further raised costs and fares, and further
decreased demand. Although this effect was confined primarily to the 1980
forecast, the results obtained were felt to be unduly dictated by adherence
to the 1973 frequencies. Therefore, the run was repeated with a relaxed

REPRODUCK 1TV 1+ -
. ORIGINAL PAC® -
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TABLE VIII

1585 Baseline Rup - 600 City Peir Sample

“FUEL - (UDCDCOIGALS/AYR PASSMILES - (0OOU0O0C3I/YR

LOAD  PAGS-MI/

9T-9E02T6-9.8

DISTANCE  AEWE - 3EwB SENS 3CNB  2ENB TBPRP  TOTAL FRACTION 9EWB  3EWB  4ENB  3ENB _ 2ENS  TBPRP TovAL FRAC. FacToR ALY
g~ 100 0. - C. S 9. a. 22. .001 g. ¢0. Ge 32. 89. C. 180. .001 .585 &.2
1C0- 200 - A6. 1l6. O. 117+ 67. 0. ' Iul7. .O81 286 1571 0. 1838. 1021. B, 4296+ o019 597  22.4
TrFOesT3000 T203.7 1517, o 24é. 120. Oe 726, 086 2597. 2781. 0. 40€8. 218&. 0. 11630. <052 600 8.3
390~ a0m  398. . S5- 0. 281.  130. 0. B816. 097 €529. 1281, 0. 4780, 2818. 0. 15808. 069 601 28,9
ag0- 500 - 129. 90, 0. 255. 12« 0. S47. «065 2S5&. 2356. 0o 5827. 1€09. _ _O. 12350, »056 .601 22,6
500~ e00 73 10 O 229. 101. 0. A73. o056 1738. 2118. Ge 56824 2339. 0. 11873. .053 600 29.1
€Co- 700 - T1le 104 g. 173. 59. Qe 374. 084 1848. 2283. O. 4545. 1383, 0. 120039. .045 .€07 z6.6
300~ 8OO 57+ 107. 0. 153. - S7. G. 374, .0R5 1585. 3&61. 0. 8131. 1295, O. 10673+ .048 .608 z6.5
THCOST900 T 1. 86 C. .201.  S5. G. 373. «085 2097 1630: 0. 5498. 1258. 0. 10882. .047 .600 28.1
9Co0-1800 AE.  1l4.- 0. 252. &7, . 479 .057 1460, 4138. 0. 7057. 1525. O. 14181. .0€é% 2600 28.6
1060-1100 99, 70« 0. 179.  67. 0. §15. .049 3003. 2417. 0. 8788, 1837, 0. 11601. 052 _.559 28.3
YIT00-1200 109.° 108, 0. 189. = 82. 0. ®88. .058 3362.° 3825. 0. 5085. 1767« T. 14039, .063 +560 8.5
12€0-1300 © 28. . 67 G. . 158, o. 0.  250. 030 889. 2%34. C. 8215, 0. 0. 7538. .03% .562 3.2
13C0-1400 - 15.  &5. 8. 112. . 8. _173. .D21 894, 1689. 0. 3088. O« 0. 5231 2028 _ .560 30.2
‘1800-1500 °  a2. 43% 0 G. 128 0. D. T 7233. .025 1807. 1564. 0. 3576, 0. G.  6588. <025 <568 30.7
YSGO-1600 . £7+ Sl G.  130. 0. 0. 258. .031 225T. 1929. 0. 3893, 0. 0. 80B80. «03& o567 31.3
1660-1700  I9-  Yhe t. - 70. O 0.  103. .012 €56. S34. 0. 1977. . 0.  3167. .014 .571 30.7
1700-1800 126. . 90« G 152. - O. 0.7 369. <083 4429,  3390. 0. 4233, C. TBe  12052. .058 o578 32.7
1800-1900  89.  81. 0. o. a. 0. 130. .015 1632. 2887. Ga o. 0. 0. 4518, .020 549 3L.8
1900-2000  27. 91. 0. 0. 0. 8. 117. -014. 895. 3184, 0. 0. O 0. 4035, .D18  .536 345
Z000-2100 7 5<% 51 0. 0. B 007 56. .007 7 1390716404 o 4. i G. 1719, <008 <487 31,8
2160-2200 S. 79 G. o. o. 0. B4. .010  175. 2578. Da O. . 0. 2753. .012 506 32.8
22C0-2300 ~ 19« The . o. 0. Us ' 93. <011 €lp. 2495. U, 0. 0. 0. 3108. .0I% 519 235
2300-240C . 21.  BC. 0. 0. 0. 0. T102. .012° 706 T 2268. 0. (i G. 6. 2974, .013 L4556 2oz
24C0-2500  216. - 142. D . a. G. 358, 083 - 7157. AST3. 0. c. o. . 11730. .053 .529 32.8
2500-26Q00  Bu- I0¥. 0. o. 0. G. 18¢. .022 28%0. 3055 0. Oa 0. 0. S589%. .027 .507 1.7
S “Z2ETO-2700 25€.  H4. G- 0. 0. 0. 30l. 036 9234. 1115.. 7 0% . G. g7 TIG389T WG4T  .568 e
27L0-2800  28.. 85 0. a. 0. . £€9. <088  T58. 1511« C. 0. O. G. 2280. .010 526 33.0
2800-6000. 108. 5. o. Oe o. B. 1312« o033 3193, 0. 0. O 0. 0. 3193 018 891 28,5
TOTALS 2406 2117+ 0. 2997. 888. G. B8308. 65538+ 68B%4. 0. 73850. 18704%. 0. 221987. .570 26.4

PERCENT . a286 <252 «000 4356 108  .00C 7 291 «292 +«000 -3‘33 .088 «000




TABLE IX

1990 Baseline Run - 800 City Fair Sample

T FUEL - (00C000) GALS/YR ~ T T T U PASSHIUES ST QOODOQY¥ YR T T T T T e
) LOAD FASSS{I/
DISTANCE - 4EWB 3EwB SENB - 3ENB - 2ENB TBPRP TOTAL PRACTICH WEWB  3EWB  4ENB 3ENB - 2ENB  TBPRP  TOTAL FRAC FACTOR SAL
G- 100 O. 18, 0. 13. 3. g. 30. .0G3 0. 95, O. 95. 31, 0. 22}. .001 576 T.h
1C0=- 200 102. 214, Oe  121. 26. Do 862. <084  E65. 2877. 0. 1455. - 3@6. 0o 53€3. .019 .584 11.0
T2LO-T300°73ZIN292T 0 T 00 Z€S. T OSDT T 0. 933. L0899 8144 5196 T A WIE5- " GES. 0. 14€09. 052 .599 .5
300~ 8GO0 "552. ° 1€é&. 0. 259. \T. O. 1025. .098  9204. 3810, 0. 5188. 988.. 8¢ 1914€. 069 .598 .&
4C0< 500 200 - 1&8&. 0« 2BA. 30. 0. 677. .DE5 39i8. %327, D. €497. 638. 0. 15380. o055 4601 :p
T SCG- 600 77707 186. C Be T285.7 7 85, O. 577. .055 1€66. 55127 7 @ €546+ 1219. 0. 149437 [058 T.598 5
6€C0- 700 ~129.  90. 0.  198. 40, O 857, 043 3376. 285%, C. S5069. 895. Cs 12183. ,044 .598 oo
7C0- 800 - '81.. 149. Oa ' 175 48 . O 453, 083 2259. &9Ta. 0. 8651. 1079. - ©. 12963. .086  .601  z¢
800- 900 12&. A9, Be 722307 763 0. AEY1L L084TTETIEY 1709 T 0L UE107. 1423 0. 12975. .046 .600
9C0-1000 130. :102. e 297, 82. 0. 613 +058 4069. 3731. C. 68380, 1861, C. 18000. .063 .&01
1060-1100°  164. - €5. 0. - 22Y. T . 0.  527. <053 4987, 228 0. 5879. 1635, 0. 14749, .053 SS9
11C0-1200 '18l1.° 105. 0. 218, 1090 7 0.  613.7.058 'S€d1. 3Ti¢ 0. 5888. 233a, Oe 17539. 063 .560
1200-1300 55. 719 0. 190. a. 0. 325. 0331 1736. 2839. 9.  5186. 0. 0. 97608. .035 .560
13C00-1800 - 51. a0, O 123.- Ga U. 218, 020 1€71. 1871. 0. 3381. ©De Do 6529...023_ .56
18001500 779, TZ87° 0. 157, 0. ‘0. 268 <025 2€08." 1013, 0. «35a, G« O. 7975. .029 .S&0 o
15C0-1600 119+  57. 0.  157. 0. 0. 333, .032  3938. 2088. 0. &328, 0. 0. 10350. «037 .5%8
1€CD~-1700 - 33. 9a Oe. 99 a. 0. 143. 013 1083.  347. D. 2756, O 0. 4185, 015 .562 ;y.7
1700-1B00° 7195277 790, 77 00 TT75.. 0. 0. 458l LOWW E4SBC T329W. O #829. - 0. DL 14€21. o057 T ied 2
18C0-1900 99. €2. G. 0. G. 0. 163. 015 3318. 2225. 0. o. 0. 0. = 5543. .020 4555 .
1960-2000. -~ 67« 79. ‘B 0. 0. 0. 145« «014 227)1. 2867. O. O. O O. 5137. .018 .560 5
T2000=2100 T XS UUSEST TS TS 0L T 0T YU S80I 006 T 109 T20A TS 0. as I P EE | PR3 1% S [ F: R ¥y s
21c0-2200 3. -100. 0. Oe 0. Ce 103. .010 115, 3657. 0. o. (118 Oe 3773. .018 .562 5.
2200-2300 - 82« 61. 0. g. 0. g. 110.. .010 1825. 244S. 0. 0. O O 3870, .018  .559 35 7
2300~2Z8007 AR TUTES T T T TOSTT U TOY T 0. 7 EI90 S0 T X288 TN O T e, TR T T 3089. 013 w89 3.0
24GC0-2500 . 300. 338, Oe " . O. 0. 0. 438, .08 10813. 8863, 0. 9. O. G. 15276. »055 .573 35
25C00-2€00 113. 161, G. o. D. g. 218, 020 3781. 3278. 0. O. 0. 0. 7060, -025 .530 53 9
CZECUSZTOUT 3ZLS CeTST T UURTTT OSTUTTTHDT DY 3830 L0736 115690 T2a6TS 0. [ . O. 13866+ <0507 597 35.0
2700-2800 17. - 59. Oe U. 0. O. 7¢. 007 515. 2233. C. O. 0. O. 2809. 010 .581 374
2800-6000. 129. 5. 0. 0. G. D. 135. «033 4255. 199. D. Oe Q. 0. 4858. .016 o571  3:'g
TOYALS 3732. 2699, 0. 3840. . 628. 0. 10598. 10027¢. 80€11. 0. 64886+ 13352. 0o 279128, 578 - 6.5
PERCENT «35€ o257 .000 . .328 .060 .000 «359 289 .000 308 . .088 +000

9T~9£02T6-9L4
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TABLE ¥

2000 Baseline Run - 600 City Pair Sample

g

PR FUEL ~ {(OGOO0OYGALS/YR - PASSHILES - (000064} /YR

LOAD  PASS-MI
OISTANCE  SEWB 3EWB 4ENB 3JENS  2ENB TBPRP  TOTAL FRACTION 8EWB _ 3EWB  4ENB  3ENB  2ENB _ TBPRP '~ TOTAL FRAC.FACFOR ___ nr

=100 22« 24, 8. 6a 1o 0. $3. 4003 9€. 190, t. 82, 12. 8e 339. 001  .597 6.4
160~-200° 819« 309. Oe = €8e 10 0. 807. 049 3256. 4385, . 853. 147, 0. 8€2}. 020 .600 10.7
200~ 3007T98YL T4, Ge  171a 28« 770 1607+ 2098 1184€. 8656. 0. 2888.  370. "0 23720. «055  .&00 )
300~ 400 3108. - 303. - O« 193. 16 . O. 1620+ -099 18588. 7040, 0. 3852. - 326. Q. 29706. .0€9 .600 18.3
4C0- SO0 S8f. 274. Oe 283 12. 0. 1068, 4065 10735. 7289+ 0. 5528. 258, O« 23810. .055  .600 22,3
SCO="600 7 3180 7317 0. 227. -'23. g. 8B1. .BS% 7526. 9489, 0. 5608. 505. 0. ' 23129. .053 .599 26.3
€00~ 700 351. 133. 0. 198, 17. Oe £994 -043 9161. 8188. O. S101.  381. 0. 18830. 083 .600 26.9
7c0- 800 137. 3254 0. ~153. - 25. O. ~ 6%0. ..039 3816. "78545 _ Oe 406Be 552.  _ Do 19290. 045 _ o600 _ 30,1
800~ 900 T 288.  114. 0. 2&Ee 35, a. 68C. <082 7927. 39€8. 0. 7203. 784. 0. 198B2. .04€  .598 9.2
9C0=-1000 - 352+  210. . O« 298 4le 0. F97. 055 11045. 7570. ‘0. 8233. 933, 0. 27781. <064 598 31.0
10C0~1100 336, . 88 0.  317. 49.  G. - 801s +049 10518. 3085, ~ ~D. ‘885l. -1003. . De 23056._ .053 . _.560 28,8
1100-1260 T4Y3. 1296 0« 318. 55. 8.7 918, .056 12811. 4587, OGe 8516 11&2. Oe 27036+ <062 <559 29.6
1200-1300 194«  62. Oe  276. 0. O 532, <033 £189. 2227, 0. 7529. o. 0. 15905+ <037 .S€l 29.9

" 13C0-1400 185 22 o 186 G G. . 353. .022 472%, 802, . 0. 4925, =~ 0. 0, 10450, .028  .5S51 29.6
T Y4CO0-1500TTISEYT  B&e TUoL o aas. U0V GLT C ¥8T.7.028 5187. 3060. o. w033, g. 0.  '12280. .028 .5&0 3.7
1500-1€00° 253..  80. Ge - 171a Te 0« . S05. -031 8503. 2929, 0. ‘3729 0. C. 160¢l. 037 +559 31.8
1660-1700 59« 284 0. 123, 0. 0. 21%. .013 1980, 1053. - 0. '3822. 0. O €435. .015 o560 30.5
T.1700-1B00 73990 0 A9, 04 250. 0. " 0. 699. .043 1336, 1799, 0. 6829, g. 0. 21998. .051 4§57 31.5
1800-1900 187+  S6. O g. 0. Do © 288. -D15 6299. 2061. Oa 0. Ga 0. 8360. 019 560 34,3
1900-2000 - 170. = 68. 0. a. a. Q. - 239. 2015  5785. 2496 0. 0. Be - Bs . 828F. 019 559 3.5
~ 2p00=2300 €0 3. 0. T TeLT T d.. THY T TR S00é 72033, 1123. G» . G. G. " 3156. <007 <560 3L.7
2700-2200  117.  59. 0. . Oe e 177+ o011 3%37. 2165. Oa 0. g. Oe 6112+ 018 559 34,5
2260-2300 - ¥33.  87. O, o. 0. O« 180. 011 48535 1719. Oe ‘. Oe O« . _Os - 6172. 4018 559 3.3
S 23T0SZHO0TTIOZ2T 69 T 0. T Gl TTBYTT 0.7 T1320 S0107 34337772890, a. a. g. . T 5928. 0018 .S56 3k .5
24G0-2500 : 582«  90s O O. a. 0. 672. <081 20170. 3IIB6. o. 0. 0. 0. 23455. .058 576 34,9
2560-2600 21€.. - B4. 0. 0. Ge 0. 300. 018 7243. 304%. 0. O. 0. 0. 10289, .024% _.560 3k,3
TZ6C0-270077 554, LA 1 PR+ PR+ P 1 PRRRT %1 SN I b A T2 -5 L AR Y -5 T 0. O Oe 0. 21713. .050 597 36.0
27C0-2800 . 90. 32« G g. g. 0. 122.: .007 3135. 1223, a. O. O« Ge 4357, .010 583 35.7
28C0-6008 1964 9. O Ge Qe 0.  205.. 013 67584  331a Be " 0e - 0e - De. 7090 o016 <537 3 &
TOTALS 8829. 3621, 0w 3601 305. 0. 16356, 230087.104%06, S17€8. 6333 e 433198, .580 26.5

O«
" PERCENT <580 223 L0000 2207 4019  .080 531 =2%2 . .000 w212 <015 -000

9T-9£02T6-9L4
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rule for minimum frequency (Fyy = 3/h Fo on all routes.) In all other
respects, the assumptions and inputs for the 60¢ /gal fuel case were
identical to the baseline., The final results are given in Table XTI,
which also includes the baseline results for comparative purposes.

The basic effect of doubling the fuel price is to increase alrplane
operating costs, thus requiring generally higher fares. Whereas fares
decreased with time in the baseline case, the higher cost of fuel results
in considerably higher fares in 1980 (15 percent more than the baseline fare),
and although fares decrease from the 1980 level in succeeding years, they
remain high relative to 1973.

A direct result of higher fares is a slower growth in demand (including
travel propensity), personal travel growth being affected more than business
travel because of its greater sensitivity to price. Similarly, fuel con-
sumed, activity, and fleet size grow more slowly because of the lower passen-
ger demand. :

Note, however, that the greatest discrepancies between the baseline and
60¢/gal fuel cases occur in 19803 in each succeeding forecast year the
effect of the fuel price increase diminishes. Several factors contribute
to produce this result, although the simplest explanation is that-the per;
ceived disutility of air travel is decreasing because average income con-
f£inues to rise and because operating costs improve as the fleet mix evolves
toward wide bodies (note, however, that forecasts of real income compatible
with the economic impact of sharply higher petroleum prices were not avail-
able for use in this scenario). ' :

Finally, note that the percentage of wide-body aircraft in the fleet
for the 60¢/gal fuel case lags behind the baseline case by from 1 percent in
1980 to 2 percent in 2000 hecause of the lower demand. Nevertheless, fuel
efficiency is somewhat better because wide-body usage on short routes
diminiskes relative to the baseline. :

Fuel Allocation

To simulate the effect of a fuel-allocation environment, the‘following 
changes were made in baseline case assumptions: '

“ 1, . Higher load factbrs than the baseliné value of 58 percent were
allowed in order to conserve fuel.

2. The minimum frequency, Fyry, was reduced from (2 + 0.75 Fg) on ,"
high-frequency routes and (1 + 0.875 Fy) on low-frequency routes
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BASELINE AND 60¢/GALLON SCENARIOS

TABLE XI

L

(RECAT 600 City-Pair Network)

9T ~9£02T6-9.Y4

Totel Population - 247 Susa’s (10° Parsons)
Average Income - 247 SMSA's (1973 $/Person/¥r)

Aircraft Fuel Price (1973 $/pal)

“| Travel Propens:.ty ~ {Intereity Trina/Person/yr)

€
0-D Psssenger Demand - A1l Modes (10 Round TripsfyYr) -,

(207 Pass-Mijyr)

Air Share of Total 0U-D Demend (% of Round Trips)

(% of Pass-Miles)

Enplaned Air Passengers’ (106 One-Way Pass/Yr)
('.LO9 Pass-Mif¥r)

Avemge Growth Rate of Pass-ii ~ 0-D - A1l Modes(%/¥r)
- =0 Air (B/Yr)
- Enplaned - air {%/1r)

Business Fraction of 94D Pass = ALL *fodes (%)
o~ A 1)

Q-D Pass Trlp Iength — ALl Yodes {St. Mi.)
— Alr {(8t. L))

Routes with Nonstop Service
Air Pass, Carried Nonstop (%)

Fares Relative to 1973

Fuel Consumed by Air (].D6 Gal/yr)

Average Growth Rate of Fuel Consumed by Afr {%/Yr}

Alp System Fuel Efficiency (Pass-m/.,al)
(Seat-Mi/3a1

Air System Load Factor (%)

Activity (Flights/Day) :

stage Length (St. Mi./Flight)

- Alrcraft Capacity {Seats/Plight)

Flzet Size:

LE WB
38 WB

LE NB

3E NB
28 NB

Turboprop

1980

TOTAL

1973 1985 1990 2000 Average Growth Rate: 1973-2000
149.6 161.3 170.5 180.5 196.3 1.0%
52k2 6552 426 8382 11,003 2.8%
0.1256 .30 0.60 0.30 0.60 | ~0.30 0.60 0.30 0., 0.30 0.60
2.60 3.1 2.82 3.52 3.20{ 3.88 . 3.53] k.86 bbb 2.3% 2.04
139.6 182.7 166.8 | 221.5 - 202,k |260.4  238.3 | 358.3  320.6 3.64 3.24
119.2 164.7 7.7 20k.3 183.1 | ahs.b 220.2 | 352.6 317.6 419 3.7% -
30.k 36.1 33.7 39.7 37.2 | k2.3 39.8 48.1 45.6 1.7% 1.5%
61.9 69.4 - 86.7 73.1 70:5 | 75.7  T73.2 | B0.6 78.5 108 - 0.9%
147 .k 228.4 195.7 303.6 260.8 | 379.7- ° 327.5 | 593.7 sia.2 5.3% 4.8%
107.5 168.8 3.k 224,1 191.2 | 280, 2k0.8 | U36.1 379.2° '5.3% L .B%
- b7 3.1 Lob bl 3.7 3.8 3.7 3.7
- 6.5 k.2 5.9 5.6 4.5 k.5 4.3 L5
= 6.7 k.2 5.8 5.9 4.6 b7 b5 L6
21.5 3L.6 31.5 3L.7 3L.6 3.7 3L.7 31.8 31.8 a ]
57.9 53.0 5L.6 50,6 52.1° . 4B.7 50.2 b5k k6.6 -0.9% -0.8%
Loy 451 k3 153 k52 k71 462 Loe 482 0.5% 0.L%
869 868 876 B850 857 8l 851 Bazh 829 -0.2% -0.2%
%83 | L85 485 E 587 503 Log 51k 510 0.2% 0.2%
89.0 gil.h 89.7 22.6 oLk [ 93.3 92.4 Sh,1 93.4 0.2% 0.2%
1,000 0.995 1.147 0.957 1.11cI 0.950 - 1,106 ~ 0.937 1.09 ~0.2% 0.3%
5808 6656 5587 Bruo T1M7 - 10536 8982 16400 14156 3.9% 3.4%
- 2.0 -0.6 4.9 5.0 L5 LB ks L7
18,5 25.1 25.7 26,6 26,01 26,6 26.8 26.6 26.8 1.b% 1.4
36.1 k5.5 5.k k6.3 LE7 | B6.2 L.l | b5.9 46,1 0.9x U.gx
51.2 55.7 56.5 57.3 57.5 577 57.8 58.0 58,1 Va5 0.50
6615 7328 6409 8210 7320 .. {8959 813% - [11103 10160 1.9% 1.6%
639 660 630 571 651 12 689 745 726 0.5% 0,5%
136 S172 172 192 191 209 20k 2k9 2k2 2.3% 2.2%
1372 1549 1319 771 1538 1592 1771 2557 2300 2.3% 1.9%
65 113 107 227 186 353 276 8ho 670
100 2ho 182 3k, 291 455 394 651 609
356 55 55 s} 0 () 0 0 0
533 759 615 8hs 698 955 8ke 956 889
305 378 357 360 364 228 253 110 132
13 ' 4 o) 5} o} [ 0 ¢}
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to (0.75 Fo) on all routes, where Fj, is the previous year's
frequency. This means that a 25 percent frequency reduction is
allowed on all routes, consistent with the necessity to increase
load factor in a limited-fuel scenario.

3. Aircraft were ranked for assignment using fuel efficiency (seat-
miles/gallon) as the basic criterion rather than 15 percent ROI
load factor.

Tn the first fuel-allocation scenario, the maximum load factor was set
at 70 percent, a level above which significant demand rejection would probably
occur. As in the baseline case, fares were adjusted tomaintain a 12 per-
cent system-wide ROI. From Table XII, it can be seen that in 1980, the
increased load factor caused an 18 percent fare reduction from the baseline
case which stimulated a 21 percent increase in enplaned passenger-miles.
As a result, only a 3.3 percent fuel saving relative to the baseline case
was achieved, despite significantly higher aircraft fuel efficiency (pass=
miles/gal).

gince demand stimulation through fare cubs runs counter to the
necessity to limit fuel consumption in an allocation environment, the
scenario was repeated with Tares held at the baseline level, These results,
also presented in Table XII, show a decrease of 8.5 percent in total fuel
used from 1973 to 1980 and a saving of 20.l percent in total 1980 fuel when
compared with the baseline case. Although total flights are reduced sub-
stantially from the baseline, only a 2.L percent decline in demand occurs.
Most of the fuel savings result from the increase in load factor to 67 per-
cent, a consequence of both the high maximum (target) load factor of 70
percent and the frecdom to reduce frequencies on low-frequency, low-load
factor routes. Some fuel savings are also due to a more fuel-efficient
fleet, as indicated by the increase in seat-miles/gallon, Because of the
combination of high load factor and fixed fares, the ROI is 19.2 percent.

Similar results are obtained for later forecast years, with substantial
reductions in fuel, flights, and fleet size resulting from the high load
factors; total fuel savings are about 25 percent in 1965, 1990, .and 2000.

As in 1980, demand is reduced by only about 2.5 percent, but fewer passen-
gers are able to uravel nonstop. ' o

Since 70 percent may represent a practical upper limit on load factor,

this scenario represents the minimum fuel usage attainable, given the other
assumptions of the scenario. Two other scenarios were also postulated

€9



0L

FUEL ALLOCATION SCENARIOS

TABLE  XIT

(RECAT 600 City-Pair Network)

[/ 218,

| Inplared Air Passcdi (107)

“Air Pess. Carried Nonstop (%)

Fares Relative to 1973
Return on Invesiment (%)

Maximum Load Factor (%)
Average Lomd Factor (%)

Total Fuel (107 Gals/¥r)
Increese from 1373
Sdavings Helative tc Baseline

as5-Mi/Gal
eat-ji/Gal

Flights/Day

Fieet - Total
k%, WB
3E WB
4E NB
35 HB
2B LB
Turboprop

1973 1980 1985

. | TO% IF, .. TOhLFy,x 1973 | 50% Base T0% LFyay | 50%Bese

Baseline 12% ROI |Base Fare, Fuel [Fuel Incrs, jb@seline | 1973 Fuel |Base Fare Fuel Increase
107.5{ 168.9 20k.9 164.9 165.6{ 165.9 22,1 215.2 216.0 '217.2
89.0 | or.h 90.5 89.2 89.6 | 89.8 92.6 89.4 89.6 90.1
1.0 °]0.995 0.811 0.995% 1 0.995% o0.995% '} 0.957 0.957* 0.957* 0.957*%
7.0 12.0% 12.0% 19.2 15.2 i12.3 12,0% 22,6 19.0 k.7
—— | s8.0% [ 70.0¢ | 70.0% | 62.6 | 57.8 58.0% 76.8 70.0% 62.5
s1.2 [55.7 | 68.9 | 67.0 61.0 | 56.7 57.13 75.4 fegn 62.0
5.808] 6.656 6.436 5.315 5.807% 6.225*% 8.5L4x50 5.809" [ 6.404 7.10Lx
— 1 14,69 10.8% -8.5% 0 7.2% 45,3% 0 10.3% 22.3%
—_— 3.3% 20.1% 12.8% | 6.5% _ 31.2% 2.1, 15.8%
18.5 | 25.4 31.8 31.0 28.5 | 26.7 26.6 37.1 33.7 30.6
36.1 1 L5.5 L6 .2 45,3 k6.7 | 47,0 46.3 k9.2 48.8 4g.3
€615, | 7328 6965 £151 ‘6lhhg | 8607 82ho 6076 6361 67146
1372 | 1549 1khg 1259 1327‘ 1365 1771 12L6 1315 102
65 113 111 73 82 102 227 86 123 139
100 { 240 3ko. 266 339 39 3ko 488 522 636
356 55% 55% 55% 55% 55% o%. o% 0% o*
533 | 759 550 kg3 486 Lék 845 322 326 297
305 | 378 388 367 360 343 360 350 3h5 330
13 it b lyx L= Ly O%* 0% 0% o%

% Value held approximately constant {fuel cannot be held exactly constant)

liotes: Baseline:

Others:

Fyry = 2 + 3/2 Fy
5 FMIH =1+ 7/8 FU
Aircraft ranked by 15% ROT load factor
Fyry = 3/k Fy (a1l F)

{Fy=>8)
{Fg=8)

“Alrcraft ranked by fuel efficiency
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FUEL ALLOCATION SC
(RECAT 600 City-Pair Network)

TABLE XTI (cont'd)

v

IARIOS

pRCR )

1990 2000 AVG. GROWTH, 1973-2000
70%LFM AX 50% base 70% LFynx 50% Bause 7% LFyax 50% Base
saseline | 1973 Fuel |Lase Fare |Fuel Increase Baseline Base Fare Fuel Growth | Baseline |Base Fare Fuel Increas
. Enplened Air Pass-Mi (10%) 280.5 267.5 270.5 2717 436.1 k25.0 ho2.7 5.3% 5.2% 5.2%
Afr Pass. Carried Wonstop (%) 93.3 90.0 90.7 91.2 gh.1 92.7 92.5
Fares Relative to 1973 0.950 0.950% 0.950% 0.950% 0.937 0.937* 0.937* -0.2% -0.2% -0.2%
Return on Investment (%) 12.0% 30.4 18.7 16.7 12.0% 18.3 22.6
Maximm Load Factor {7) 58.0% 92.1 70.0% 66.6 58.0% 70,0% 78.0
Average Load Fagior (%) 57.7 9L.2 69.7 66.3 58.0 69.8 77.9
Total Fuel (107 Gsls/Yr) 10.536 5.,805% 7.791 B.161% 16.400 12.516 11..066% 3.9 2.9% 2.4%
Increase from 1973 ‘ 81.u% o} 34.1% 40.5% 182.4% 115.5% 90.5%
Savings Relative to Baselipe e, LY A 26.1% 22,5% — 23.5% 32.5%
Pass-Mi/Gal 26.6 L 461 347 33.3 26.6 34.0 38.2
Seat-Mi/Gal 6.2 50.5 49.8 50.3 45.9 48,6 k9.0
Fiights/Day 8959 5862 6438 6734 11103 8238 ™9 1.9% 0.8% 0.6%
Fleet - Total 1992 1219 1389 1k56 2557 1859 1718 2.3% 1.1% 0.8%
LE WB 353 ko 169 158 8uo 466 357
%% WB k55 632 799 883 651 159 1087
LE UB o* or o* o o% o* o*
3E HB 955 257 207 215 9% 115 145
2E Nb 228 290 213 200 110 . 118 130
Turboprop o* o* o* o o* 0% o

% Valiie held approximately constant (Fuel cannot be held exactly constant)

Hotes: Haseline: . Fyry

Fygp = 1+ 1/8F
Aircraft ranked by 15% ROL load factor

Others: Fun
Aircraft r

=24 3/lu=‘0 (Fg = 8)
(Fg = 8)-

=3/ F, (allFg)
anl%ed by fuel efficiency
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in which a fixed fuel allocation was met by varying the maximum load factor.*
In one, the fuel usagewas held at the 1973 level (zero rate of growth), while
in the other fuel use was set half-way between the 1973 and basgeline scenario
levels (half the baseline increases)., The zero~increase fuel scenario
resulted in load factor exceeding 70 percent by 1985, while the 50 percent
baseline fuel-increase scenario required excessive load factors in the year
2000, (o allowance was made for any demand rejection at these high load
factors.) The results for these scenarios are similar, in varying degrees,
to the results of the 70 percent load factor scenario: higher load factors;
fewer flights; smaller fleets with increased emphasis on larger, more fuel-
efficient aircraft; slightly lower demand, etc.

A sumary of results for the fuel-allocation scenarios appears in Fig.
17 in a plot of total fuel consumed as a function of average load factor.
This figure includes the three cases in Table XII for which fares were
fixed at the baseline values. Thus it depicts the fuel conservation poten-
tial of increasing load factors above the baseline target level of 58 percent.

The symboléd points are taken directly from Table XII; curves connecting
the fuel allocabion scenario points (dashed lines) and forecast years (solid
lines) are shown to illustrate the probable continuity of the results. As
noted before, even though a target load factor for the system is specified
as an input item, the actual load factor achieved is generally somewhat less
than this value, particularly in 1980, because of the minimum-frequency
rule and the very low 1973 load factors on many routes.

Figure 17 is useful in that it shows the load factor required for a
specified fuel allocation, assuming fuel used is not constrained by other
means, such as tax levies on fuel or fare, which would depress demand. It
is important to stress, however, that very high loadiactors,compared with
historical practice, are depicted in Fig. 17. Since neither the effects of
airline competition or the demand rejection that might ocecur in achieving
high load factors have been simulated, the extreme right~hand portlon of
Fig. 17 is of only academic interest.

From the data shown in Table XIT, the fuel allocation scenarios

- appear atbtractive. Fuel consumption and airport congestion are reduced

while demand is not seriously affected, and airline profits are high.

* Note that the fuel allocation scenarios do not appear in the same order
in each forecast year in Table XIT. Rather, they are placed in order of
increasing fuel use. Also, the 70 percent load factor case with 12 percent
system ROT is given only for 1980 because it is not a viable allocatlon
scheme, as dlscusSed in the text.

T2
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FUEL ALLOCATION SCENARIOS
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However, the frequency reductions and restraints on frequency growth would
require a cooperative effort by carriers and government regulators. A
substential amount of govermnment regulation, not only of capacity but also
of the number of carriers in a given market, would probably be necessary.
This, of course, represents a reversal of current proposals in government
to deregulate and increase competition. Another problem posed by these
scenarios is the necessity of avoiding fare reductions despite high airline
profit levels. A possible solution would be a tax levied con the airlines
(in addition to income tax which is included in the ROI computation). Such
a tax would route the "excess" revenue to the government, from which it
could be disbursed to fund fuel-conserving technology developments or to
subsidize the price of synthetic fuels.

Finally, the inconvenience associated with lower freguencies, and
fewer opportunities for nonstop travel, may not be fully reflected in the
slight demand reduction. The UIRC demand model is sensitive to the travel
time degradation caused by these changes, but there is nothing in the
validation data base which specifically demonstrates sensitivity to struc-
tural changes such as reductions in connecting flights and compebition.

print. - Shanigivt A AR MR e B e e e et

While fuel-allocation scenarios have been considered in only the
baseline case (Option I) in this study, it is apparent that such measures
could be considered in any of the fuel-conservation options (Options II
to VI) with similar fuel-saving benefits.

Operational Procedures Options

The bechnology-oriented options necessarily involve lead times before.
their fuel-conservation benefits take effect. Imch nearer-term savings,
in some respects immediate, can be achieved by procedural changes in air-
line practice. Obvious measures include reduction of cruise speed, close
management of fuel loads to avoid unnecessary "ferrying" of fuel, selec-
tive elimination of flights on low-load factor routes, reduction of ground
and air delays, and more frequent engine maintenance. Measures such as
thege were voluntarily adopted by airlines to some extent even pricr to ‘the
October 1973 oil embargo which resulted in fuel allocations due to the
 ensuing shortage in 197k,

A history of fuel efficiency of the U.S. certificated carriers is

shovm in Fig. 18 for a twenty-year period in which several Tasic, evolu-
“tlonary changes were experienced. Beginning with fthe introduection. of

Th
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turbojets in 1958, fuel efficiency took a steep decline which was reversed,
in 1963, with the introduction of (and conversion to) turbofans. As more
turbofan-powered aircraft were added to the fleet, fuel efficiency increased
through 1966. The decrease in fuel efficiency between 1966 and 1969 was
not caused by any fleet innovations, but merely by an increase in service
frequency which reduced load factor. A reversal in trend again occurred

in 1969 when wide-body aircraft powered by higher-bypass engines appeared.
By the end of 1973, the loss in available ton-miles per gallon experienced
in the conversion from piston to jet power had been more than compensated,
and a substantial part of the loss in revenue ton-miles per gallon had heen
recovered.

Immediately after the fuel embargo, load factor increases were
effected by cutting back flight frequencies. In addition, continued
changeover to wide bodies resulted in further fuel efficiency improvements
(available ton-mi/gal). The most recent CAB data indicate that ton-
mile load factors have fallen somewhat, although both measures of fuel
efficiency in Fig. 18 have risen well above 1973 levels.

Although speed reductions and other fuel economy measures have
been implemented, an indication that operating procedure improvements
have not yet resulted in sppreciable fuel savings is provided by Fig. 19
which shows fuel efficiency trends in various aircraft over recent years.
Modest improvements were made between 1973 and 1975; however, most
models have not achieved significantly better efficiency in the post-
embargo period.

These results suggest that procedural improvements either cannot
contribute appreciably to fuel conservatimn, or the kinds of improvements
which could make measurable contributions have not yet been implemented.
Since fuel prlces rose steadily in l97h the incentive for airlines to con-
serve fuel was there; however, the cost of implementing the most effective
-measures may still have been prohibitive relative to the fuel price increase
which was incurred. ‘ o

In this study, two categories of fuel improvements were considered:
(1) procedural changes which could be effected with the current air traffic
control (ATC) system, and (2) reductions in delay and holding times which
 could be achieved in a significantly improved ATC environment. Thus, the
first category consists of measures which could be adopted almost immediately,
while the ATC-dependent improvements are further in the future. The best -
Judgment of the RECAT contractors was bthat these latber improvements should
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not be counted on until 1985. The operational procedures options included
only baseline aircraft models in order that the effect of the procedural
improvements could be determined by direct comparison with the baseline
case.

- A complete itemization of near-term procedural changes, and the fuel
savings they would promcte, is given in Table XIII. The following list
summarizes the procedures changes and gives the abbreviations used in the
table.

"Procedure Change Abbreviation

Pregent ATC:

Reduce cruise speed to Long Range Cruise ILRC

2000-ft Step Climb Step Climb

Load for a 1% more Aft CG AFT CG

Aerodynamic Cleanup Aero

Reduce Operating Empty Weight by 1/2% OEW

Improved Engine Standard Tngine
Improved ATC:

Climbing Cruise ‘ CL-CR

Reduced Delay in Hbldlng . HOID

Reduced Terminal Delay TERM

Most of these items are self-explanatory, with the possible exception
of the Improved Engine Standard. The fuel saving referred to involves
improved maintenance to reduce sfc deterioration by 1/3 of the average
in-gervice levels. Since the high-bypass ratio turbofans in service on
wide-body aircraft have experienced more rapid deterioration than the
earlier engines on narrow-body sircraft, the fuel savings in Table XIIT
are greatest for wide bodies.

There is a cost associated with impiementation of the procedures
changes in Table XILT, consisting partly of an incremental investment
(assumed to be negligible) and partly due to the speed reduction which has
the effect of increasing operating costs in spite of the fuel saving they
achieve, This latter effect could have been eliminated by disregarding
that part'of the fuel advantage in Table XIII which comes from the speed
reduction. However, the objective here is to estimate the votal conserva-
tion potential of procedural improvements, particularly in the short term.




TABLL XIIT

ESTIMATED FUEL SAVINGS BY PROCEDURAL IMPROVEMENTS

Percentage Reduction in Block Fuel

9T~9£02T6-9Lu

6L

, , ; Present ATC Improved ATC
Aircraft Model® Step
‘ : LRC Climb Aft CG Aero  OEW Engine CL-CR  HOLD ~ TERM
OQut of Production-
DC-9-10 0.4 0 0.2 0.4 0.1 0.5 0 1.5 2.6
B-727-100 9,2 0.1 0.2 0.5 0.2 0.5 0.1 1.0 1.7
- DC-8-20 1.0 0.3 0.2 0.5 0.2 0.3 0.L 0.8 1.9
DC-8-50 1.0 0.3 0.2 0.5 0.2 0.3 D.h 0.8 1.9
DC-8-62 1.0 0.3 0.2 0.5 0.2 0.3 0.4 6.8 1.9
~ DC-8-61 1.0 0.3 0.2 0.5 0.2 0.3 0.4 0.8 1.9
In Productibn
DC-9-30 0 0 0.2 0.k 0.15 0.5 0 1.6 2.5
B-T37-200" ; 0 0 0.2 0.k 0.15 0.5 0 1.7 2.7
B-T27-200 0.2 0.1 0.2 0.5 0.25 0.5 0.1 1.1 1.7
DC=10/1-1011 1.0 0.3 0.2 0.5 0.2 1.0 0.4 0.7 1.0
B-TL4T7-200 1.2 0.5 0.2 0.5 0.25 1.0 0.5 0.4 0.5

% GQee Table IV for other aircraft represented by these models.
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The results of Option ITa, as presented in Table XTIV, give the fuel
saving which might be attained by this means alone, irrespective of the
fuel priceand load factor variations which were considered in the fuel
allocation scenarios. Obviously, combinations of the effects of these vari-
ous alternatives could be used to represent more realistic fubure scenarios.
Although such alternatives were beyond the scope of the RECAT program, the
modeling techniques employed in the simulations are capable of treating any
combination of the fuel-conservationoptions considered in this study.

Current ATC

Comparing Option ITa with the baseline results in Table XIV, it will
be noted that the increase in operating costs and fares results in lower
demand. The reduction is 5.7 percent in 1980 and decreases to 2.8 percent
in 2000 because rising incomes overshadow the cost iicrease in later years.
As a result of the depressed demand, annual fuel savings, ranging from 7.6
percent in 1980 to 5.9 percent in 2000, are overstabed in the sense of the
real efficiency gain. As shown, improvements in fuel efficiency (seat—mi/
gal) are only 2.6 percent in 1980 and 3.3 percent in 2000,

Note that there is a minor change in fleet size between the baseline
case and Option ITa, but a noticeable change in fleet composition, especially
in 1980 and 1685. Several effects produce thig change, none of ‘'which is
dominant. The decrease in demand would tend to reduce fleet size; however,
lower productivity due to the rise in block time offsets that tendency, and
fleet size is actually larser in Option ITa. Also, the slower growth in
demand has the effect of delaying the introduction of larger alrplanes on
all routes. Thus there is a shift away from wide bodies (relative to the
baseline case), and the only types which appear in greater numbers in Option
TIa are the 2ENBs, the smallest of the in~-production models.

Advanced ATC

Although all aircraft types can expect to benefit from improvements
in the ATC system, the primary mechanism of these improvements is in the
elimination of wnproductive time in the enroute and terminal phases of
flight. Therefore, it is expected that these block time reductions will
occur selectively with respect to route, benefits at major hubs being much
larger than at less busy airports. Since the actual block time advantages
of an improved ATC environment can only be estimated, the procedure followed
in this study was to allow a five-minate reduction in block time at each of

£
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TABLE XIV

9T-9£02T6-9L4

OPERATIONAL PROCEDURES OPTION
(RECAT 600 City-Pair Network)

1973 1980 1985 1990 2000 ) %
Baseline Baseline Present ATC Baseline Present ATC Advanced ATC Baseline Present ATC Advanced ATC Baseline Present ATC Advanced ATC ;
I1a/ITb 1Ia 1Ib Iia ITb Ila Iy §
Enplaned Air Pass.-Miles(107) : 107.5 268.3 159.3 24,1 21k,3 235.2 280.5 270.1 29%.7 436.1 h23.9 456.8 '
Fuel - Tota.‘L’ (x0® gus) 5.808 6.656 6.187 8.h%0 - 7.871 8.428 10.536 9.867 10,500 16,400 15,439 16.376 q
- Savings vs, baseline (%) L - 1.6 - 6.7 0.1 - 6.3 0.3 - 5.9 0.1 §
- Efficiency - pass. - -mifgal 18.51 25.31 25.7k : 26.56 27.22 27.90 26.62 21.37 28.07 26.59 27.40 27.90 :
' | - Efficiency — seat = mi)gal 36.15 15.53 16,72 u6.32 47,67 18.61 46.17 u7.52 18,48 45.85 . u7.3b 48.19 {
‘ : ~ Efficiency -~ -improvement vs. base- 2.6 ) 2.8 4.9 3.0 5.1, : '3.3 5.1
Line (%) : ;
Fares relacive‘ +0.1973 i.ooo 4.995 1.036 0.957 0.986 0.920 0.950 0.975 0.912 0.931 0.955 0.900
Total flights/day 6615 7328 7158 ‘ 82ka 8067 8uLs 8959 8780 9164 11103 10938 11kk0 |
Losd Factar (%) ) 51.2 55.7 55.1 57.3 57.% 57.k 37.7 57.6 57.9 8.0 58.0 57.9
Avernge stage lergth {mi) 639 660 661 617 674 o784 12 710 708 Tho qhh Tho
Average block time ~ (hrs) . : -l.éh 1.68 1.96 1.7 1,80 1,67 1.79 1.87 1.75 1.87 1.9h 1.82
" {vaseline average stage length) . .
o Fleet size - total ‘11312 1549 1572 T 1794 1719 1992 2016 1993 2551 2592 25n
; By : ) 65 113 99 227 212 263 353 339 394 Bho 8u2 895
= DC-10/L-1011 ' 100 2ho 227 ) 340 332 336 uss Lk 454 651 633 640
- DC-B/B-TOT 36 55 58 0 0 o 0 o o 0 0 0
- B-727-100/200 533 759 156 - 845 838 821 955 965 932 956 1024 956
- B-737-200/DC-9-10/30 305 378 L29 360 L1k ’ 358 228 269 s 110 113 9
- Turboprép 13 L L 0 0 o a 0 0 0 0 [




R76-912036-16

23 major hubs and no benefit elsewhere in the system. Thus, a route

- linking two major hubs would enjoy a ten-minute time advantage over the
baseline block time, a route linking a major hub with a smaller city

would benefit by only five minutes, and there would be no advantage on a
route between two small cities. The average hlock time reduction was about
7 minutes, reflecting the preponderance of major hub routes.

Option IIb, which incorporates the advanced ATC assumptions, algo
includes the operational procedures changes in Option ITa. Therefore, since
the impact of the improved ATC system does not appear until 1985, the
two cases are identical in 1980 (see Table XIV). TIn the succeeding forecast
years, the benefit of block time reductions with advanced ATC is seen to
offset the penalty in Option ITa so that average block times in Option IIb
are lower than in the baseline case. Lower costs and fares made possible
by this improvement stimulate demend, resulting in almost no net saving in
amual fuel usage. On a fuel efficiency basis, however, there is about a
> percent improvement over the baseline cage.
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Retrofit and Modification Options

In the retrofit/modification options an attempt was made to determine the
potential fuel saving and other system impacts which would occur if the
baseline airplanes were modified and/or retrofitted* to reduce their fuel con-
sumption. Only the baseline airplanes (see Table XV) were considered, and
retrofits were divided into two groups: (1) those which involve only aero-

" dynamic changes (referred to as Option IITa) and (2) those which involve
both aerodynamic and engine changes (Option IIIb).

All airplanes benefitted from the aerodynamic retro/mod package which
involved a general drag reduction program and installation of winglets or
wingtip extensions on existing aircraft (retrofit) as well as on future
purchases (modification) of in-production models. The first retro/mod
option, Option IIIa in Table I, consisted of these aerodynamic changes

- which resulted in the fuel saving, operating cost, and modification cost
characteristics summarized in the first part of Table XV. In the second
case, Option TIIb, all 4 ENB turbojet and turbofan aircraft were assumed
to be reengined with JI8D-209 engines (refanned version) in addition to the
aerodynamic changes of Option ITIa. Thus, IIIb differs from IITa only in
that DC-8 and B-707/720 aircraft benefit from this reengining. The latter
part of Table XV shows the effects of this englne change on the airplanes
to which it is applied.

The baseline retirement schedules for the out-of-production aircraft
were modified by extending the life of retrofitted aircraft by three years
(five years for reengined aircraft). However, since it was assumed that
the retrofit program will not start until 1978, baseline retirement schedules
were used from 1973 to 1978, thereby resulting in a relatively small number
of out-of-production aircraft remaining in 1980 and 1985. 1In order to cover
the possibility that retirements may proceed more slowly than the rate assumed
in the baseline, an additional pair of options was run in which it was
assumed that no aircraft were retired between 1975 and 1978. The options
using the projected retirements until 1978 are referred to as ITTay and IITby
while those assuming no retirements prior to 1978 are IITay and IITbo. A

- summary of retirement schedules for out-of-production aircraft in all options
is given in Table XVI.

~ The results of the four forecasts are compared with the baseline case in
Table XVIT, with emphasis on each option's fuel saving relative to the

¥Retrofit refers to changes in airplaneé'already in service; modification
. refers to the same changes as applied to future deliveries of in-production
airplanes. ,
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TABLE XV

CHANGES IN AIRCRAFT PARAMETERS USED IN
RETROFIT/MODIFICATION OPTIONS

Aerodynamic Retrofit
(Option IIIa)

B=-TUT

DC=10/1-1011
B-T727-100/200

B-T37-200

DC9-10/30

DC=-8-20/30
DC-{}-50/B~T07-100/B~T720B
De-8-61
DC-8-62/B-T07-300

Aerodynamic & Engine Retrofit

(Option IIIb)

DC~8-20/30
DC=8~50/B=T07~100/B~T720B
DC-8-61
DC~8-62/B~T0T-300

Operating Cost Cost of
Fuel Saving Increase Modifications

(%) ($/Block Hr.) ($10°)
7.5 5 0.25
7.5 6 0.25
k.0 1 0.08
5.0 3 0.15
5.0 L 0.15
5.0 b 0.15
2.0 6 0.15
28.0 97 4.65
15.0 126 L, 87
15.0 99 L. 87
12.0 189 L., 87

Notes: All aerodynamic modifications complete by 1980 except 37% of B-T727-100.
A1l engine modifications complete by 1980 except 18% of DC-8-20/30

and 17% of DC~8-61.

Operating cost increase is eXclusive of cost of fuel saved.
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TABLE XVI

OU?-OF~PRODUCTION ATRCRAFT FLEET SIZE V8. YEAR
(REFLECTING DIFFERENT RETIREMENT SCHEDULES)

600 CITY-PAIRS

Zaseline: Options I and 1ITlag

Fleet Size

1973 1975 1980 1985
LENR 356 275 55 0
BT727-100 286 286 1ko 0
DCO-10 U6 35 . 10 0
Turboprop .13 b [ 0
Total 701 600 209 0

Aerodynamic Retrofits and Modifications: Options IIIal and IIlap

1980 1985
Option I1Taq IITas IIIa; IITa,
LENB 115 275 27 102
B727-100 1583 286 102 160
peo-10 20 35 0 16
Turboprop L L _0 0
Total 322 600 129 278

Aerodynamic and Engine Retrofits and Modifications: Options ITIby and IIIbso

1980 1985
Option IITby ~ IITb, ITTby IIThbp
LENRB 115 275 55 CATT
BT2T7-100 183 286 102 . 160
DC9-10 20 35 0 16
Turboprop L ke 0 0
Total 302 600 157

85
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TABLE XVIT

ATRCRAFT RETROFIT/MODIFICATION OPTIONS
(RECAT 600 City-Pair Network)

i tixed fleel size

.

2 includes cast of retrofitiling existing aireraft

1373 1980 1985
kero Proj. Retirements| Ho 75-B0 Retirmts. Aero 1 Proj. Retirements! No 7S-80 Reiirmig,
{In-Prod. Only)| Aerc Aero & Eng.| fero ~ Aero & Eng. (In-Prod. Only) Aero Aero & Eng.| Aero  Aero & Eng.
. Baseline IITag Iilay,  1iik, ITTs, IiTb, Baseline IITag Iilay ~ 1Iib, IiTe, I,
Znplaced Pess. ¥iles (107; 07,50 | 1€6.83 170.01 170,86  166.9% 170,00 . 165.47 224.1k 225.31 225,07 284,34 224,60  222.21
Fuel: -Toral (L 7 FRLS /YT :
Savings vs, Baseline /%) si3s | o6.636 §.356 6,436 6.329 ‘6.701 £.403 8,140 7.987 8.078 8.060 8.176 B.100
Actnal — Amnuel - - b5 1.3 5.9 -7 3.8 - 5.4 .3 k.5 8.1 ¥.0
- Cuzulative Since 1973 - — 1.2 0.9 1.3 -5.2 1.0 — 2.9 2.2 2,8 0.7 2.3
Adjusted - Annual — - 5.2 4.5 5.0 a 1.9 - 5.9 b7 4.6 3.3 3.2
- Cupulative Since 1973 - — 1.4 1.2 1.3 a 9.5 - 3.2 2.7 2.8 1.0 15
Efficiengy: Pass,-Mi./Gal - 1Bisn | oes.3r ZELTS 26.55  26.69 25.37 25,8k 26.56 28.21 27.86  27.83 27.47 27.43
' Seat-Mi/Gal 3.1 15.5 L.2 4723 7.4 Lt 15.5 46.3 49.3 k8.6 k8% V7.7 47.5
Fares vs, 1973 1.000 5.995 0.988 0.984 0,995 0.990 1.01k 0.956 0.951 0.952  0.956 0.955 0.966
Total Flignts/Day bELs 7338 7351 7L1Y 7313 7548 Th54 8240 8251 8319 8315 8381 8317
Liad, Fastor {55 iriE 55.7 55.7 56,8 5¢.3 57.1 S€. & 57.3 57.3 57.b 51.5 57.6 57.8
Erissions (1563 Wid. Tons) RILELT ] 3Elass 36.552 37.131 - 36.%06 32.292 3€.879 LE, 700 47.093 b7.516 47,328 48.023 bk1.536
Noise vs. 1972 1.3 | o.Baz . 885 0.951 2R 1076 0.901 0.958 0.958 0.950 - 0.980 1,027 0.978
Flept Size:  Tovel 1543 1533 1561 1554 158E 1565 LT 1773 782 1783 1797 1784
B-Th7 213 ilk 137 12k 139 131 2 22¢ 251 246 2l 24T
EC-23/1-2012 F 24 347 236 19 135 3o 36 305 296 292 257
3C-B/B-107/3 120t 3 £ 1 115 275 =75 ] 0 27 55 102 177
B-727-200, £1g izp 561 557 410 05 345 8YT 69 51 896 635
B-727-100" % el 1% 183 286 286 o 0 102 102 160 160
| E-T37-205/90-9-30 3¢5 3 e 298 303 360 350 328 321 291 292
Lo-3-13 S Z iZ 20 24 s = o 0 0 o 16 16
Turbepropt o s A - i L 0 aQ Y 0 0 0
Xew Airerafs InvestmeatZ: 7938 8,2tk 7.303  7.601 L.6TL 5,432 7.836 7.962 7915 7.690 9.202 . 8.678
Since Pravious Forecsst (109§}
Cumulative Present Yalue (1073 ~ 1 530 &.1al 508 5,576 LL61 3.466 9,551 g, 634 g.1ie  9.17h T.7%9 7,018

91~9€0216~9LY
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TABLE XVII {(cont'd)

ATRCRAFT RETROFIT/MODIFICATION OPTIONS
(RECAT 600 City-Pair Network)

Enplaned Pass, Miles (109)

Fuel: Total (107 gals/yr)
Savings vs. Baseline (%)
Actual - -~ aAnnual
-~ cumulative since 1973

Adjusted - annual

- cunulative since 1973
Efficiency:  Pass<li/gal
Seat-Mi/gal

Fares vs. 1973

Total flights/dey

Loed factor {%&) ‘
Enissions {105 wtd. tons)
Noise vs. 1973

Fleet Size: Total
B-ThT
5C-10/L=1011
£C-8/8-707/B~720%
B-727~200
B~T27-100%
B-T37-200/DC-9-3G
pc=9-10%
Turboptopl

New aircraft investment®:

Since previous forecast (109$)

Cunulative present value (1093)
“{8% discount)

1990 2000
Aero Proj. Retirements Ho 75-80 Retirements Aero Proj. Retirements No 75-80 Retirements
{In-Prod. Only)| Aero Aero & Eng. | Aero Aerc & Eng. (In-Prod. Only) Aero Aero & Eng.| Aero Aero & Eng,

Baseline IIIa.(J . IIJ.’.‘a.:L IIIbl IIIaa IIIb2 Baseline IITag IIIay IITb, ITIa, IIZ‘.’b2
280 ks 282.36 281.54 281.35 279.97 278,74 436.13 439.05 439.09 439.1k 439.32 439.48
10,536 9.9L0 9.838 9.823 9.737 9.720 16.500 15.421 15,337 15.319 15.252 15.200

— 5.7 6.6 6.8 7.6 7.7 - 6.0 6.5 6.6 7.0 7.3

— 3.8 3.5 3.9 2.6 3.8 — 4.9 5.0 5.3 4.9 5.6

- 6.3 7.0 7.1 7.4 7.2 -— 6.6 7.1 7.2 7.7 8.0

“- 4.3 3.9 k.0 2.7 3.0 - 5.4 5.5 ‘5.6 5.2 5.4
26.62 28.%0 28.62 28.64 28.75 28,67 26.59 28.h7 28.63 28,67 28,80 28.91
k6,2 b9,z k9.6 49,7 50,0 50.1 45,9 49.1 49.3 49.4 k9.6 49,8
0.950 0.943 0.946 0.947 0.951 0.955 0.937 0.928 0.930 0.930 0.930 0.929
8959 8aye 8950 B931 8891 8800 11103 11159 11275 11276 11336 11206
57.7 57.8 57.7 ST.T 57.5 57.3 58.0 58.0 58.0 58.1 58.1 58.1
59.080 59.559 59.715 59.743 59.765 60.001 92.875 93,594 93.793 93.787 93.878 93.981
1.059 1.068 - 1.050 1.052 1,043 1.026 1.213 1.210 1.207 1.210 1.203 1.18:
1992 199k 1985 1982 1974 1956 2557 2568 2590 2590 2593 2555
353 359 332 326 297 300 8ko 854 811 802 774, 783
455 458 507 518 565 579 651 642 700 713 T61 780
o . [o} 0 0 0 1} 0 [s} 0 1} 0 0

955 963 9k2 942 93 900 956 971 971 975 946 886

0 0 0 [’} 0 0 1} 0 0 0 0 0

228 21h 205 197 181 176 110 100 107 101 113 105

o} ] 0 0 0 0 0 0 0 o 0 0

0 0 0 0 0 0 0 0 0 0 0 o
13.877 1h4.069 1k.9hk 15. 36K 15.913 16.995 30,256 30.822 29.929 29.549 28.693 27.852
13.95% 1k.295 13.0651 1k.046 12.795 13.307 19,436 19.883 19.277  19.kob 17.997 18.357

1 fixed fleet size

2 inclvdes coet of retrofitting existing aircraft

T 9T~9E03T6-9.LY
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baseline. Annual fuel savings are shown for each forecast year, as well as
cumulative savings from 1973 through each forecast Year, Because revenue

is balanced against cost to achizve a 12 percent system ROI, each option has
a slightly different (generally lower than the baseline) fare level and, as
a result, a different level of demand (enplaned pass-miles). To put each
option on a common basis for comparison, adjusted fuel savings were computed
by dividing the fuel efficiency (pass-mi/gal) of each option into the base-
line enplaned passenger-miles and comparing with the baseline fuel. The
demand-adjusted fuel savings are shown in Table XVII for each option on both
an annual and a cumulative basis. In addition, the adjusted fuel savings are
shown graphically in Figs. 20 (annual) and 21 (cumulative).

Options ITlay and IIIby offer greater fuel savings in 1980 and 1985 than
the subseript 2 (delayed retirement) options (ITTa, and ITIb,, respectively),
particularly on an adjusted basis, This is because, in each option, the poten~
tialfuelsavingfromimprovementstothein—productionaircraft(B-?H?,DC—lO,
L-1011, B~727-200, B-737~200, DC-9-30) are to some degree of fset by the retention
of larger numbers of out-of-production aircraft (DC-8, B-707, B-720, B-727-100,
DC-9-10) which are less fuel-efficient than the in-production airplanes even
after retrofit. Since the subscript 2 options retain more out-of-production
aircraft than subscript 1 options, this phenomenon is more pronounced

This observabion suggests that greater fuel saving might be achieved
by wmodifying only the in-production aircraft and allowing the otlers to be
retired as per the (more rapid) baseline schedule, hence defining an addition-
al option referred to as Option IiIag . (Note that there is not an equiva-
lent b option since only in-production aircraft are being madified.) Results
for this option are shown in Table XVII and Figs. 20 and 21. It can be seen
that this option does indeed offer superior fuel savings in 1985 and is

comparable,in 1980, to the best optlon (IIIb ) of the four originally
considered. '

Within each retirement assumption, the aero-plus-engine options appear
te offer greater 1980 fuel savings than the aero-alone optlons ‘beecause of the
improved fuel efficiency of the reengined LENB aircraft. A comparison of the
adjusted savings, shown in Figs. 16 and 17, however, reveals that much of these
savings is due to the suppressed‘demand resulting from the higher fares of the
-aero +engine options, which is a result of the higher operating and capital
costs of the reengined L4ENB aircraft. In 1985, the aero + engine adjusted
savings are slightly less than the aero-alone savings because the aero + engine
options retain more LENB aircraft than the sero-alone options. Even though
they have been reengined, they are still less efficient than the new aircraft
dthh rvplaue them in the aero-alone optlons. ' '

88



68

l=~v¥i—10~9L

.-ANNUAL ADJUSTED FUEL SAVING —%

ANNUAL ADJUSTED FUEL SAVING

"OPTION IHaq — AERO MODS. PROJECTED RET'M
IlTay — AERG MODS, DELAYED RET'M

Olag — AERO MODS, ONLY IN —PRODUCTION AIRCRAFT
by — AERO + ENGINE MODS, PROJECTED RET'M

Dby — AERO + ENGINE MODS, DELAYED RET'M

(1978) 1980 1985 1990

FORECAST YEAR

8 —
61—
4 b
—
2
0 |
1973 2000

]]Iaz
by
I[[a1

I ag

91-9€0Z16—9LH

0Z 'Bid



FIG. 21

R76—912036—16

000¢C

HY3IA 1Sv03HOd -

0661 G861 0861

{(8s61)

£L6l

T |

SNOILJO NOILYOI4IQOW/LId0H13H HLIM
ONIAVS 13Nd A31SNrav 3AILVYINAND

— DNIAVS 'IEm:! Q3isnrav 3ALLYINWND

oz
40

76-01~144-2

90




R76-912036-16

After 1985, all four basic scenarios show substantially increased fuel
savings because of the retirement of all out-of-production aircraft. These
exceed the IIIa. savings because of lower ratios of B-T47 to DC-10/1-1011
(3EWB) aircraft. (The latter are more fuel-efficient than the former,
particularly at short stage lengths.) This is a reversal of the situation in
1980 and 1985, when the B-7h7/3EWB ratio is higher for each of the four basic
scenarios than for the baseline. In 1980 and 1985, the B-747 aircraft fleets
are larger than in the baseline because, on many routes, the retention of more
older (and smaller) aircraft raises the required ratio of seats to frequen-
cies to be provided by new aireraft. This results in a greater prefurence
for larger new aircraft. Between 1985 and 1990, however, the rapid retire-
ment of the retained older aireraft reverses the situation. More frequencies
must be replaced than in the baseline, while the number of seats to be
added has not increased proportionately. Thus, the seat/frequency ratio is
lower, and the smaller 3EWB aircraft are assigned in greater numbers.

Although the subscript 2 options offer slightly greater adjusted fuel savings
in 1990 and 2000, the subscript 1 options retain a slight advantage in cumula-
tive adjusted savings. The IIIaO option has the highest cunulative savings
through 1990. :

Other differences among the options are also worth noting. All retro/
mod options exhibit higher load factors than the baseline in 1980 and, to a
legsser extent, 1985. This is because of the retention of UENB aircraft, which
on longer routes (beyond B-727-200 range) would have to be replaced by wide-
body aircraft, as in the baseline case. Since the 3EWBs are generally too
large on these routes, baseline load factors are affected adversely. This
advantage in load factor contributes to the fuel savings discussed above.
Because more older, smaller aircraft are in use, these options require more
flights than the baseline in 1980 and 1985, but not enough to cause conges-
tion problems.

Four of the five retro/mod options require less investment in new air-
craft than the baseline case (including the cost of retrofitting existing air-
craft) in the 1973-1980 period. This is particularly true of the subscript 2
options, where the lower investment levels resuit from postponed retirements,
so that larger investments are required after 1980. The aero + engine options
require more capital than the aero-alone because of the high reengine cost.
Thus, the cumulative present values {using 8 percent annual discount) of the
various investment patterns through the year 2000 may not be substantially
different than the baseline, and are in scme cases lower, although these
amounts do not reflect possible differencec among the options in the depre-
ciated value of the equipment on hand in 2000, ‘ :
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Since the options which involve the largest investments (see Table XVIT)
also achieve the greatest savings in fuel, a trade-off between fuel saved and
relative investment is suggested. In Fig. 22 all five retro/mod options are
presented in a plot of adjusted cumulative fuel saved vs. cumulative present
value saved, where the saving in each instance is relative to the baseline
case., Since the set of options is not characterized by continuity of these
parameters, the locus of points for each option deviates from a smooth curve.
In particular, year-to-year variations in the fleet for all but the IITaj,
option are drastic enough to cause significant deviations in cumulative
present value. Therefore, the points have not been joined. However, the
general trends in each forecast year have been highlighted by the shaded
regions bounding each set of points.

Based on the trends in Fig. 22 it appears that the choice among the five
retrofit/modification options is very much dependent cn the desired goai,
especially with respect to near-term and far-term fuel savings. In 1980,
for example, the choice ranges between Option IITay, in which a modest saving
in cumulative fuel of 0.6 x 109 gallons can be achieved at an expense in
cumulative present value of $0.22 x 10°, and Option IITa,, in which no fuel
is saved, but cumulative present value of the fleet is reduced by almost:
$2.5 x 109. Any trade-off between these extremes can be had by adjusting
the retirement rates and degree of retrofit of older-model aircrafi,

Similar results occur in 1985 and 1990, except that the spread in cumula-
tive fuel saved in each case is greater than in 1980, and the spread in cumu-
lative present value is less. Thus, on the basis of the 1990 results, for
example, there appears to be a real choice between saving fuel and saving
investment dollars--2.2 x 109 gal vs., $1.5 x 109 between Options IITa, and
IITagy. In the distant future, as represented by the year 2000, differences
in cumulative fuel savings become relatively small, whereas the spread in
cunulative present value remains large. Therefore, a policy based on these
far-term results would probably favor the minimum-investment alternative,
Option IITa,, in which older aircraft retirements are delayed and retrofits
do nok ineclude reengining of LENB aircraft.

However, in evaluating these options, emphasis should probably be placed
on the near-term results (through 1985) because the likely availubility of
new or derivative aircraft types by 1990 would invalidate these particular
1990 and 2000 forscasts, and also because more confidence must necessarily be
placed in the near-term forecasts. From a total system point of view, the
IIIaO option (aerodynamic modification of only the in-production aireraft)
may be preferable because of fuel, noise, and emissicns adventages. 1In this
case, out~of-production aircraft, particularly the L4ENB's, would be retired

as rapidly as possible and modifications confined to the more efficient



R76—912036-16 , : FIG, 22
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in-producticn types. However, the decision of when to retire the aircraft
may well be an investment decision based on a narrower perspective.  The
financial benefits of a near-term reduction in new aircraft investment could
well result in lower retirement rates (i.e., the subscript 2 options) in
which case retrofitting is definitely preferable. Then the aerodynamic-plus-
engine retrofit program would be more desirable than aerodynamic rebrofits
only, particularly if large numbers of L4ENB aircraft remain in the fleet.

Derivative Aircraft Options

A total of eight aircraft deSighs was generated for the derivative air-
craft options. These airplanes, whose characteristics are summarized in Table
IV, include three variants of the DC-9; the B-727-300; two variants of the
DC=10; and two variants of the L-1011l.  Basically, the DC-9 derivatives
featured seating capacities equal to or larger than the DC-9-30, while the
DC-10 and L-1011 derivatives consisted of one stretched version and one
shortened version of each type.

ItkWas apparent from the results of the UAL economic screen and the
airplane cost and performance data that most of these derivatives did not
look attractive enough to justify retention in the study. As shown in Figs.
1l to 13, ~the characteristics of many derivatives are poor relative to base=
line in-production models. The aircraft assignment algorithm selects air-
planes on the bases of capacity and 15 percent ROI ‘load factor; if two air-
planes have identical capacities and one attains a 15 percent ROT at a lower
load factor for all stage lengths because of its superior economics, the
other airplane will never be assigned even though it may be more fuel-effi-
cient., Two derivatives, the DC-9-30D3, and the L-1011 Short Body were
dropped specifically for this reason. Furthermore, it was found that three
other derivatives, the DC-9-30D2, the B-727-300, and the DC-10- hOD were
assigned to only a few routes; therefore, these airplanes were also omitted.

Thus, of the eight proposed derivatives, only three appear in the fore=-
casts: the DC-9- 30Dl the ‘DC=-10~- 10D, and the I~-1011L. ©Each of these air-
craft occupies a unlque place in the spectrum of seating capacities and L
competes well, economlcally, with the baseline in-production airplanes, Con-
sequently, these derivatives quickly established themselves in the fleet,
startlng with the 1985 forecast, as shown in Table XVIIT.

Of the~three,aircraft, the L-lOllL was found to be parﬁicularly attrac-
tive because: (1) it has a very large capacity (40O seats); (2) its very
low purchase price gave it the lowest 15 percent ROI load factor over a wide
a?range of short and 1ntermed1ate dlstances, and (3) its good fuel e1f1c1ency
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TABLE XVIII

DERIVATIVE AND NEW NEAR-TERM TURBOFAN ATRCRAFT OPTIONS
(RECAT 600 City-Pair Network)

: "

Enplaned Pass.-Mites (107}

Fuel: Total (10% zals)
Savings vs Baseline (%)

Actual
S Adjusted ,
Pfficiency: Pass-mi/end
: reat-mijgal
Improvement

vs Baseline
Fares Relative to 1973
Ioed Factor (%)
Flights/Day

Average Capaciby - Seats/Fiight |
‘Fleet Size:

Total .
3-747
DC-10/11C1Y
B-727-200

. B=T37-200/DC~9-30 |

Othert
DC~G-T30DL
DC-10-10D
L-1011-Long Body
18¢~200-1
%60-400-1,
liew Airtraft Investment: (1094)
Since Previous Foreecast
Cumlative 1973 Present Velue
(8%, piscount)

1980

1973 - 1985 1990 2000
Baseline | Baseline . - Derivatives Hew Baseline Derivatives New Baseline Derivatives New
(¥o 171011L) Near-Term _ (Fo L-1011L} Near=Term (o L-1011L} Near-Tern
(Iva) (1vb) V) {1va) {Ivb) (V) (Iva) (Vo) W)
107.50 | 168.33 22,1k 225,29 - 223.0L 228.77 280.45 283.71 . 279.20 293.15 436,1: 440,80 k32,27 h61,.68
5.808] - 6.656 8,uko 7.961 8.299 3,021 10.536. 2.h9k 10,256 9.531 16.56C  13.751 . 16.007 13.810
- - - 5.9 1.7 .8 - G 2.7 9.5 - Lu.2 2. 15.8
= - L. 6.2 1.2 6.8 - 10.9 2.2 13.5 - L IT. 1.5 20.5
1,511 25.3 26.56 28.30 26,87 28,18 26,62 26.88 27.22 30.76 . 26.59  32.06 27.00 33.43
36,2 45,53 46,32 49.25 46.80 Lo 68 4.7 51.5k% k6,95 53.1% 45.86 55,19 46 k7 57.57
- - - 6.3 1.0 7.3 - 11.6 1.7 15.1 - 20.3 2.3 25.5
1,000 C.995 0.957 0.950 0.960 0.933 0.950 C.93 0.956 0.902 0.937 0.922 0.947 0.867
51.2 55.7 57.3 57.4 574 57.% 57.7 58.0 5840 5749 58.0 . 58.1 58.1 58.1
€615 7328 ga2ko 2122 8288 7389 8959 8695 9085 8685 11103 10901 11259 10883
136 172 192 15k 191 200 200 211 206 222 2kg 257 248 269
1372 1540 1771 175¢ 1777 1739 1592 1686 200% 1961 2551 = 2515 2570 2542
55 113 227 137 227 127 253 177 337 62 8ho 231 83k 50
ege 2ke 3hc 27k 317 203 455 262 363 328 651 29k 451 370
2L7 619 85 738 755 700 955 774 Y&l 665 956 597 580 481
255 368 360 332 32 3k3 228 158 162 196 110 51 5k 8y
701 205 0 o} 0 0 0 0 0 0 ¢} 0 o o}
- = - 109 110 - - 220 216 - - 275 282 -
- - - 33 52 - < 153 1750 - ~ 339 369 -
- - - 129 o] - - 281 o) ~ - 726 0 -
- - - - - k3 - - - 369 - - - 639
- - - - - 136 - < - 3 - - - a
2.7k 7.932 7.836 7956 8.077 2.215|  13.877.  14.036 - 1k.299 15.795] ~ 30.256 30.232. . 3L.179 3k.770
- 5.900 $:551 9.607 ©.663 10,193 13,951 - 1L.058 14197 15.202 19,436 19.539. - 1£.850 21,506

1 ope-s, DC-g9-10,::8-707, “B-72C, B-727-100, €V-880, Turboprops
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at short and intermediate stages (seeFigs.lland 12, pgs. 51 and 52) makes it
a good alternative to the B-747 on dense routes. By the year 2000, the L-1011L
became the most numerous single airplane type in the fleet.

The wasic derivative option, referred to as Option IVa in Table XVIIiT,
resulted in some significant fuel savings relative to the baseline case.
Annual fuel savings ranged from about 6 percent in 1985 to 17 percent in
2000, both figures being adjusted for the effect of slightly increased demand
in Option IVa. As shown in Table XVIII, these savings are achieved by a
significant . improvement in fuel efficiency when the baseline in-production
airplanes are displaced by the derivatives in the future fleet.

There are no adverse effects caused by the changeover to derivative air-
craft. Therefore, it can be concluded that Option IVa constitutes an accept-
able long-range strategy for saving fuel because it achieves this objective
without any notable cost or degradation in system performance. Only the
dbsence of a short-term (pre-1985) benefit detracts from the value of
Option IVa.

Of the three derivatives in OptiOn IVa, the DC;9—30D1 represents’ the
smallest departure from a basic design, while the DC-10-10D is a significant
departure, featuring both a reduction in size and number of engines from the
DC-10. However, it appears that the IL-1011L is the most unusual derivative,

because the stretched capacity of this alrplane was achieved by a direct

trade~off of passenger payload for fuel. Thus, the I-1011L hag the same
takeoff gross weight as the 1-1011, but its maximum stage length is down from
3240 mi to 2095 mi. The L-1011L therefore occupies a unique position; it is
either a very large replacement for the B-727-200, or a replacement for the
DC-10/L-1011 and B-747 on high-density short-and intermediate-range routes.
Moreover, ‘it is apparent from Figs. 11 to 13 that the I-1011T is clearly

the most attractive of all the derivatives. : ‘

On the basis of the results in Option IVa the I-1011L design approach
appears -to be ‘a superior derivative concept., HoWever, much ofits advantage
stems from its very low purchase price. In bterms of $/seat, the L~-1011L is
far less expensive than the other derivatives, and is even less expensive
than the wide-~body in-production airplanes (see Table IV)., Whether the ‘
pricing policy that leads to tlds disparity is realistic may be open to ques-

~tion, and if it is not realistic, then much of the fuel saving in Option IVa

is not wvalid.

. A second derivative option, Option IVb, was simulated to determine what

changes would ensue if the L-1011L were omitted. Even wibhout the L-1011L,
-~ the five derivatives eliminated in Option IVa were still not viable aireraft
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because they fail to compete successfully against the in-production models.
Therefore, Option IVb involves only two derivatives=--the DC-9-30D1 and the
DC-10-10D,

As indicated in Table XVIII, the effect of removing the L-1011L is to
shift the fleet back to dependence on the B-TL47 for the highest-density routes,
The DC-10-10D appears in slightly greater numbers, but its effect is small.
For the most part, the routes captured by the I-1011L in Option IVa revert
back to in-production aircraft in Option IVb. A consequence of this shift
is the dramatic decrease in fuel saved relative to Option IVa, Without the
fuel-efficient L-1011L on short- and intermediate-range routes, the existing
wide bodies must be used, as they were in the baseline case. Thus it is seen
that the large fuel savings in Option IVa were almost entirely a consequence
of the L-1011L, even though fairly large numbers of the other deriwvatives
were assigned in Option IVb. ,

New Near-Term Aircraft Option

According to the study ground rules, the new near-term aircraft were
pased on current technology in order that availability in the early 1980s
would be assured. As with the derivatives, the first forecast year in which
these new airplanes were assumed to be avallable is 1985.

There were three groups of new near-term designs considered in this e
study: 200-seat/intermediate range; 200-seat/long range; and LoO-seat/long
range. -Within each group, the manufacturers generated designs based on 30
¢/gal fuel, 60 ¢/gal fuel, and minimum fuel. Differences among these designs
were rather slight, and only to 30 ¢/gal fuel airplanes were simulated.

of the three new near-term designs, the 200-seat long-range airplane was
dropped because of its noncompetitive economic performance. As shown in
Figs. 11 to 13, the N80-200L, offers no advantage over baseline or the
N80-200T aircraft. Therefore, the simulabion involved one intermediate~ and
one long-range design, each with a good seating capacity for the late-1980
time period and beyond. The resulting simulation is summarized in Table XVIIT
as Opbion V. :

The favorable economics of the newly designed N80-200T and NBO-LOOL air-
planes result in significant fare reductibn and demand stimulation. There=-. .
fore, the fuel savings achieved are greater on an adjusted than on an actual,‘~
basis. Although the real impact of these airplanes is not felt until large

numbers have been introduced into the-fleet, the adjusted annual savings are

N -
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already significant by 1985. By 2000, the adjusted savings are over 20
percent, and 60 percent of the fleet consists of these new airplanes.

There is a close parallel between Option IVa, the first derivative case,
and Option V. In both instances, a large, fuel-efficient airplane displaces
existing wide bodies, thereby saving a large quantity of fuel, but leaving
the system otherwise unchanged. ' The new near-term airplane option saves
somewhat more fuel, but also incurs a greater penalty in required fleet
investment. :

It is important to realize that both the L-1011L and the N80-4OOL offer
gignificant advantages over the B-747 at short stage lengths (see Fig. 11).
As explained in the baseline option, future growth on short, dense routes
demands use of large-capacity aircraft, of which the B-747 is most notable
among the in-production models. However, the B-747 is quite fuel inefficient
at short stages, as indicated in Fig. 11. Therefore, congidersable fuel
savings over the baseline case are to be expected when the B-T47 is replaced

by airplanes like the L-1011L or the N8O-LOOL.

New Par-Term Aircraft Options

Advanced technology, beyond the present state of the art as represented
by the 1980 aircraft designs, makes possible some important fuel-conserving
design features, primarily in the extensive use of composite materials to
reduce airframe weight, stability augmentation to reduce drag, and in the
improved fuel consumption characteristics of advanced-technology engines,
particularly the prop-fan (Ref. 11). Balanced against reliance on these
high-technology features to conserve fuel is the fact that thelr incor-
poration in production aircraft is a far-term solution; i.e., such alr-
planes are not likely to be available for service until the late 1980's.

Altogether, four new aircraft designs were considered in the far-term
fuel-conservation options. These included one propfan~powered airplane, the -
N85-200P, which is a-200 seat intermediate-range airplane, synthesized by
Lockheed, and three turbofan-powered airplanes. As described in Appendix B,
the turbofan designs were adapted from a Boeing study (Ref. 9) of terminal
area compabible aircraft. Three far-term aircraft sizes were described:
200-, 350-, and 500-seat versions. In Table IV they are designated N85-200,
N85-350, and N85-500. The characteristics of the 350-geat airplane were
such that it did not provide an economic advantage over the B-TW7-200;
therefore, oaly the 200- and 5H00=seat designs were retained. v
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Four far-term fuel-conservation options were constructed around these
airplanes. The first two feature the N85-200P, introduced either in 1985 -
(option VIa) or in 1990 (Option VIb). The nominal introduction period
for the far-term aircraft was the mid-1980's, meaning that the first fore-
cast year in which significant numbers could be in service would be 1990.
Option VIa was included to test the effect of accelerated R&D on the prop-
fan, which might result in a pre-1985 service entry for the N85-200P.

The third far-term option, designated Option VIc, is based on the two
turbofan-powered airplanes entering service in the late 1980's. Option VId
is similar to VIc except that the N85-200 airplane is replaced by the N85~
200P. Although these aircraft have the same seating capacity, the former
has a much longer maximum stage length (Table IV), while the latter is more
fuel-efficient at short- and intermediate-stages (Figs. 11 and 12). Thus,
although only one propeller-driven airplane was provided in the study, it
appears in three of the four far-term aircraft options.

Considering the prop-fan options first, the summaries in Table XIX show
that early introduction of the N85-200P does have a noticeable impact. The
early start in building the N85-200P fleet results in a considerable differ-
ence in fuel saved between Options VIa and IVb. In both cases, the baseline
airplanes replaced by the N85-200P are the B-727-200 and DC-lO/L-lOll; larger
and smaller baseline airplanes are virtually unaffected. '

Fuel savings in Options VIc and VId are considerably greater than in the
first two cases. aowever, this is to be expected because these options
involve two new far-term aircraft while the first two options involve only
one. Futhermore, the fuel saving advantage of replacing the B-747 with the
N85-500 is considerably greater than the corresponding saving associlated with
replacing other baseline aircraft with the N85-200 and N85-200P. As in the
derivative and new near-term aircraft options, much of the fuel savings can
be traced to replacement of the B-747 with more fuel-efficient designs,
particularly on short, dense routes which require a large-capacity airplane.

The annual fuel savings achieved in Options VIc and VId become quite
large by the year 2000 when almost half the fleet consists of the new far-
term airplanes. Although the saving in cumulative fuel used in these two
cases does not really take effect until after 1990, the saving in the last
~ decade of the 27-year forecast period is veryvlarge, resulting in a 10.6 per-
cent . adjusted saving in fuel over the baseline in both cases. As obhserved in
- other Options,»this latter period tends to dominate cumulative_staﬁistiCs‘ '
because demand levels are significantly higher than‘in~the~early periods ==
“a consequence of accumulated grOWth'in'demand-(and,ftherefore,~fuel“used)ﬁ
throughout the forecast period. ' o ' :
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TABLE XIX

NEW FAR-TERM ATRCRAFT OPTIONS
RECAT 600 CITY-PATR NETWORK

“nplened Fass.-Miles 107y
Tuels  Totel {207 gals). v
Zavings ¥s Bagselipe: (%)

Lctunl
Adjusted :
sfficiurcyy  Fass-mifead |
“enk-mi forl
Taprovenent:
Fareline -~

Fares Relative to 1973
Losd tactor, (%)
Flight e /Day

Averngs “apacity - Teats/Flight

Fleet Tize: Total
. o BTR7
pe-13/L101)
| B-727-200
) B-B?ieoo/m-g-w
{hher’
NB5-200F
HB5-206
N85-500

New Aircraft Investment: {10%)

Since: Frevicis Forecash
Cummilative 1973 PresentValue

1973 1980 1985 1990 20c0
- B - : Turbofan & i Turbofun &
Baseline Baseline Turboprop { Baréline- Turboprop Turbofan Turboprop |Baseline Turboprop Turbofan  Tuzboprop
(VIa) (Vie) (viv) (Vic) (vid) (VIa) (VIb) {viz} {vId)
107.509 168,83 224,14 223.k2 293,45 281,15 281.36. . 295.20 284,26 436.13 - 436,31 436,44 447,95 Li7.05
5,808 6.656 8.440 3.165 10.536 9.955 - 10,193 9.64g 9.620 16.500 © 15.386 1s.B17 . 12,168 12,168
- - - 3.3 - 5.5 3.3 8.k 8.7 - 6.2 6.0 25.8 25.8
- - - 2.9 - 5.7 3.6 20.0 9.9 - 6.2 €.1 27.8 27.6
1851 7 25,37 26.56 27.36 26,62 28,2k 27.60  29.56 29.55 26.59 28,36 28,31 36.81 36.74
36.15 k5,53 46,32 47.78 Lé.17 48,75 47.70 - 50.95 51,05 45,86 43.82 0 u8,7h 63.38 63.27
- - - 3.2 - 5.6 3.3 10.4 10.6 - 6.5 6.3 38.2 38.0
1.000 0.995 0.957 0.959% 0.950 0.947 0.947 - 0.93Y4 0.935 0.937 0.935  0.935 0.897 0.809
51.2 55.7 57.3 57.3 57T.7 57.9 - 57.8 58.0 57.9 58.0 58.1 58,1 58.1 58.0
6615 7328 82ko a234 8959 2gks 9019 8990 S964 11,103 . 10,984 11,054 10, 517 106,543
136 172 192 193 209 211 200 212 21k 2hg 256 - 255 275 a7
1372 1549 177 1767 1992 1978 199% 1995 1981 2551 2511 2524 2428 2430
[ 113 227 Al 353 351 356 2uk 2hy 8o 268 869 253 256
100 2hg 349 306 L35 33t 357 32k 365 €51 389 380 34 397
27 Al10 8ls 765 985 773 361 B40 8hg 956 601 626 546 620
25% 368 3¢0 359 228 227 231 231 231 110 106 108 105 104
701 209 ¢} a9 o 0 0 0 o - [} o 0 0 0
L. - o 1, - 292 i91 - 201 - 546 540 - shg
- - - - < - 265 - - - - 695 -
- - - - - - - 92 92 - - - 515 504
12,749 7.932 '7.83¢ sl 13,877 1b.3%5 - 1lk.L1% 2k.803 14.673 30.25% - 31.375 31,362  32.021 31,831
- 5.900 9,551 " 9.707 13.951 . 1h,263 13,122 - ak.245 0 2h.o0b 19.436 . 19,956 19.808  20.050 19,975

{5, piccount)

1 5c-8, pr-9-10, B-707, B-720, B-727-100, 7¥-380, Turboprops
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Finally, it is noted that the new aircraft investments for the new
far-term aircraft options are only marginally greater than for the baseline
case, because the differences in aircraft price per seat (Table IV) and
fleet size (Table XIX) tend to compensate. Thus, the fuel savings in Table
XIX are achieved without appreciable increments in investment over the bage-
line case,

Comments on Prqpfan

It is clear from the results of the far-term options that it has not .
been possible to treat propfan-powered airplanes fairly in this study. To
a large extent thig is an unfortunate consequence of the lack of consistent
assumptions in defining near~term and far-tem technologies, which is in
turn due to the lack of adequate propfan data at the start of the study,
This technology is only now emerging in terms of credible performance infor-
mation,

The results of Option VI may appear to conflict witthigs.]J.and]é&which
show the N85-200P to compare Tavorably with the N85-200 in fuel efficiency.
Moreover, the better fuel efficiency of the N85-200P occurs in spite of the
fact that it does not benefit as much from advanced airframe design (use of
composite materials) as the N85-200., However, the N85-200 also has the
advantage of a much greater range (see Table IV), thereby permitting it to
compete on many more routes. For this reason its impact was greater,
although the differences between Options VIc and VId, from which the impacts

of these airplanes can be compared directly, is guite small.

As noted earlier, the lack of a large-capacity airplane with propfan
power is a major impediment to Options VIa and VIb. On this basis alone, -
a comparison of results among the far-term aircraft options, or between the -
propfan cases. and other options, is not valid. Tn %his regard, it might be
argued that, on the basis of comparable airframe technology, Option VIe
might better be compared with Option V. IHowever, lack of a large~-capacity
propfan-powered design precludes a fair comparison even in this case.

Therefore, it appears that further analysis isfréQuired to determine the
true potential of the propfan as an alternative to the turbofan. In view of
the attractive fuel efficiency of the N85-200P, it is probable that'thiS'potEn-
tial is significant if properly exploited.  An example of this potentisl was
explored in -an aPProximate¥ggnner; results are given on pg. 150. '

i o )
Fuel Suringé\fromiLarge—Capicity Aircraft

For many cof the options where large savings in fuel are shown, one of the
"mest. important factors has been the replacement of the B-TLT on short routes
where that airplane is not fuel-efficient,- In view of the major role this
changeover assumes in the study, it is imgortant to understand how it comes
- about. ‘ : ' ' '
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Of paramount importance is the study assumption concerning the future capacities
of major hub airports. Data supplied by UAL for ten major hub airports suggested
only about a 25 percent expected increase in overall capacity for air carrier move-
ments over 1973 (Refs. 2, 13). The implication of this estimate is that an increase
in demand of more than 25 percent can be accommodated only by an increase in average
seating capacity of aircraft if extreme congestion is to be avoided. Even if this
estimate is conservative, very large increases in capacity will be required to handle
the demand growth forecasted out to the year 2000.

Using the estimate provided by UAL as a guideline, the frequency rules described
earlier were conceived to restrain growth in air carrier movements, particularly on
the densest routes which invariably involve one or more major hub airports. In gen-
eral, on high-density routes (greater than 16 daily flights) frequency is allowed to
decrease slightly but may not increase, and on low-density routes frequency may not
‘decrease but can increase. The result is that the aircraft assignment algorithm

tends to favor large airplanes on dense routes and small airplanes on lightly trav-
eled routes.

Many of the densest routes are of relatively short stage length. For example,
Teble XX summarizes some baseline data for the busiest city-pairs (ranked by fre-
quency) in the study, showing that only one route was greater than 1000 miles. The
average stage length of these ten city-pairs, weighted for 1973 frequency, is only
335 miles. The table also shows that there is an almost fourfold growth in demand
during the 27-year forecast period. Obviously, much of this growth must be accommo~
dated by increases in seating capacity.

The result was assignment of the B-T4T to many short-haul routes in the base-
Iine case. On some important routes, namely short stages involving New York or
Washington, D.C., the B-T4T is ruled out because of limitations at LaGuardia and
National Airports. This means that frequencies on some other routes must be further
constrained to avoid congestion, resulting in even more extensive use of wide bodies
like the B-TALT. :

An important implication of the use of the B-TUT at short stage lengths is its
poor fuel efficiency over these stage lengths (Fig. 11). As has been pointed out,
this means that the more fuel-efficient large aircraft achieve a large fuel saving
when assigned to replace the B-Th7. Tt is important that the ten busy city-pairs in
Table XX accounted for 10% of the fuel used in the 600 city-pair system. The list
would have been different if the ranking had been based on fuel used rather than
frequency; in particular, the average stage length would Dbe much longer (1700 mi)
and the amount of fuel used would be 18% of the total system fuel. However, the
advantage to be gained in fuel efficiency at these long stage lengths by introduc~
ing new aircraft is not as great as it is at short stages because existing wide
bodies are already quite fuel-efficient on long-distance routes. Nevertheless,
even a small percentage improvement will permit a substantial fuel saving. Two
~significant conclusions can be formulated on the basis of these resulis: 1) the
greatest fuel savings are achieved by large airplanes operating on high-volume
routes, and 2) a large airplane with good fuel efficiency at short stage lengths
can have s great impact on fuel savings. : Bk :
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TABLE XX

SUMMARY -OF OPERATIONS FOR TOP 10 CITY-PAIRS

(Based on 1973 Flights/Day)

1973 ‘ 2000
Dominant Dominant
: Airplane Alirplane
Distance . (% of (% of Airplane
St mi Flights* Passengers Flights) Flights¥ Passengers® Flights) Assigned
Los '.Qngeles - San Francisco 335 129.2 10,103 3 ENB(46) | 165.6 - 35,917 b mwr(90) L4 B
New York < Washington . 206 64,0 3,408 - 2 ENB(52) 77.6 12,138 3 BB(90) 3 EWB
New York - Boston. s 182 60.5 3,Lk96 2 ENB(47) 4.3 11,483 3 EWB(89) 3 EWB
New York - Chicago 712 58.6 3,573 3 ENB(62) 67.3 10,217 3 EWB(85) 3 EWB
.| Los Angeles - San Diego - 103" 58.5 3,388 3 ENB(43) 704 1kL,803 4 EWB(81) 4 EwB
| Seattle - Portland 138 38.3 1,518 3 EnB(49) 30.5 5,868 4 mWB(56) L EwB
Dallas - Houston - . 228 37.4 2,088 3 ENB(52) | %42.3 9,283 L mB(87) 4 B
Los Angeles - Las Vegas 219 36.9 2,048 2 BB(67) 52.2 11,756 L mwB(96) 4 BWB
| New York - Miami : 1100 " 33.0 2,515 3 ENB{53) 52,0 10,645 L EwB(88) 4 EwB
New YQrk ~ Pittsburg 3‘16 30.4 1,366 2 ENB(53) 29.6 4,361 3 EWB(81) 3 EWB
| TOTAL o B 335(Avg.) 546.8 33,50k 661.8  126,L71
Fraction of 600 City-Pairs | 16.5%  16.69 11.9%  15.6%
Increase from 1973:10 city pairs S e 21.0% 277.5%
600 city pairs - L m-—= 67.8%  302.8%
: . . L ]
Pass,/Flight: 10 city-pairs | 61,3 191.1
it 600 city pairs ‘ 61.1 46,5

*¥.Deily in each direction
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IMPACTS ANALYSIS

Although the technology options considered in this study have fuel
conservation as the major objective, each option can be expected to impact the
various sectors of the air transport industry in other ways as well. In this
section the impacts of each technology option are considered with respect to
airlines, manufacturers, airports, and government. The impacts are analyzed
by isolating particular parameters which affect each sector, where the follow-
ing list shows the parameters used in each case.

Sector Impact Parameter
~Airlines Annual Enplaned Passenger-Miles

Undepreciated Fleet Value
Fleet Seating Capacity

Manufacturers Annual Aircraft Deliveries
Annual Value of Deliveries

Airports Annual Airport Activity
Hub -Capacity Used
Noise Bxposure

Government Annual Tuel Used
Annual Emissions
Cumlative Spending

Alr Traveler Fare
Service (Enplaned Pagsenger Miles)

The impacts are considered in the short term and in the long term, 1985 ‘
being used to represent short-term impacts and 2000 for the long-term impacts.
A1l results are presented as percentage differences relative to the baseline
casej i.e., the impact measured is the percent change of each parameter rela-
tive to the baseline value. As a convenience in identifying the options,
Table XXI summarizes all the cases considered in this study, including option
designations and names, and the aircraft available for assignment in each
case.- This table will be a useful reference in this section as well as 1n
succeeding sections.

Adrline Impacts

Impacts on the alrllnes are given in Figs. 23 to 253 each chart summarlzes
the comparlsons of one impact measure over all technology options for each of
the two years.: The firgt parameter, annual enplaned passenger-miles, is a
measure of the volume of airline business. Therefore, positive differences
indicate an increase in airline business activity compared to baseline values.,
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TABLE XXT

KEY 1.

UTRC FUEL-CONSERVATION OPTIONS

Option Aircraft Available for Assignment
Ia  Baseline Baseline In-Prod. Models* (BIPM)
Baseline Sensitivities
". 60¢/gal Fuel BIFM
Ib Fuel Allocation LF = 70% "
ITa Operating Procedures: Present ATC BIPM
IIb " " : Advanced ATC "
IIIay, Retro/Mod: In-Prod. only BIPM
IITa; " " : Aero; Proj. Ret'm'ts. "
IITby " " : Aero + Eng; Proj. Ret'm'ts. "
iTTao " " : Aero; Delayed Ret'm'ts. "
IITby " " : Aero + Eng; Delayed Ret'm'ts. "
IVa Basic Derivative Option BIPM +: DC~9-30D1;DC-10-10D311011L
IVb Without L~1011L " + " "
v New Near-Term Aircraft BIPM +: N80-200I; NBO-L00L
VIa New Far-Term TP: Pre-~1985 Intro. BIPM +: NB85-200P
VIb " " " ": 1985 Intro. " " N85-200P
Ve " " " TFs " ", N85—200; N85~500
VId " " " TP + TF " " N85~200P; N85-500
VIe """ TPs (estimate) "o (est)

: N85-200P; NB85-500P

*¥  DC-9-303 B-T37; DC-10/L1011; B-TL7-200; B~727~200
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The second parameter, undepreciated fleet value, is a crude measure of the
amount of capital invested in the fleet. Ideally, the effect of depreciation
should be included, but the assumptions which must be made and the complexity
of the computation to include the depreciation effect were considered to be
unnecessary complications, Fleet seating capacity, the third parameter, is a
measure of the total capacity of the fleet required to meet the forecasted
demand.,

In general, it would be expected that fleet investment and capacity would
follow demand; i.e., an increase in demand, relative to the baseline, should
require more seats and a greater investment in the fleet. However, aircraft
size and cost per seat are also important variables among the different
options., Particularly in the short term, the correspondence between demand
and fleet investment is seen to be rather weak.

From the airlines' point of view, increases in demand are desirable, butb
not if they are accompanied by large increases in required investment. Com-
paring the options oh this basis, it is apparent that Options ITb and IVa are
especially good because the airline investments in each case are in line with
the demand increases achieved. The worst case is Option IVb which requires
greater than the baseline investment in spite of lower demand in both time
periods.  Overall, the results show that the most desirable short-term airline
ef'fects occur in Option ITb because,in this case, the system in which the air-
lines operate presently available equipment is improved.* In the long term,
Option IIb is still good but Option IVa may be even better because of the very
small required investment for derivative aircraft.

Manufacturer Tmpacts

The manufacturer impacts, stated in terms of annual aircraft deliveries
and value of deliveries, are given in Figs. 26 and 27. These figures show
that from the standpoint of the manufacturer, the retroflt/mod options are
especially unattractive in the short term because deliveries of new aircraft
are delayed when lifetimes Qf older aircraft are extended. Even though the
value of the retrofit/mod business-is included in Fig. 27, the resulis compare
unfavorably with most other options. (It should also be noted that at least
‘some of the retrofit business credited to the manufacturers will be performed
by the airlines themselves.) Also, it can be seen that Option IIb is favorable
in the short term because system improvements gtimulate additional demand, but
that it is much less attractlve in the long term. '

*ATthough investments in onboard equipment will be required to take advantage
of improved ATC, these investments were neglected in this study.
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It is not surprising that the best manufacturer impacts are from the new
aircraft options, the new near-term aircraft option (option V) showing up
especially well because these airplanes are relatively expensive in § per seat.
Although smaller numbers of aircraft are produced, compared with the baseline
case, because of the aircraft are larger than present models, the value of
these airplanes is up substantially. In general, manufacturers appear to

benefit more than airlines from the new near-term aircraft option.

Airport Impacts

The next set of impacts, in Figs. 28 to 30, concern the effects on
airports., Two considerations drive the results in these figures: 1) the
frequency and fleet assignment rules which led to steady increases in average
seating capacity, and 2) increasing use of‘airplanes with quiet engines com-
pared with current narrow-body types.

Since the frequency rules were operatiVe in the baseline case as well as
in the technology options, relative airport activity grows much more slowly:
than demand in all cases. However, because the new-aircraft options featured
airplanes of ever-increasing size, airport activity grew still more slowly in
these cases. As seen in Fig., 28, significant reductions in activity occur in
Options IVa and V, and also in the new far-term options (VI),in the long term.
Tower activity is also evident in Option ITa, but this reduction 1s a conse-
quence of depressed demand. The impact of Option IIb is somewhat deceptive
in that it shows higher-than-bsseline activity, a consequence of higher demand.
However, improved ATC ought to benefit the airports because it reduces delays
and because it can augment the favorable impact of the teghnology options..

Results for the percent changes in hub capacity used, as depicted in Fig.
29, are closely parallel to Fig. 28.° However, & notable exception is the
improved standing of Option IVa in terms of hub activity. The differences
between total system activity (Fig. 28) and activity at hubs (Fig. 29) are a =
consequence of more concentrated use of large aircraft at the busiest airports.
Since the frequency rules were poStulated to contain operations growth rates
on the densest routes, activity at hub airports grows slower than total activ-
ity in the system, Therefore, options featuring the largest aircraft will
show up better in Fig. 29 than in Fig. 28, although the basic impact is the -
same; namely, that airport operations are favorably affected by introduction -
of large aircraft.® o | ‘ ‘ g

 *Compensating features of larger airplanes are: accelerated runway deteriora~ .

~tion, space requirements at gates and on taxiways, and terminal congestion due
to large passenger groupings. Consideration of these additional factors was
not attempted in this study. L o Gote e e

112



€1t

GC—LL~-E0~9/

% DIFFERENCE

% DIFFERENCE

AIRPORT IMPACT

ANNUAL AmPORTACTHHTYRELAﬂVEfOBASEUNE

OPERATING RETROFIT/MODIFICATION DERIVATIVE NEW NEW FAR-TERM
PROCEDURES NEAR-~TERM .
Ia = b IIag Ifa; MIby; IMa, IIb, IVa IVb 4 Ma ¥YIb ¥Ic¢ YId
4 5 : 1985
2 _—
-2 _ . -
4L

B

2000

91—9€0216—9.Y

8¢ OId



HIT

LZ=LL—E0—9L

"% DIFFERENCE

% DIFFERENCE

AIRPORT IMPACT
HUB CAPACITY USED RELATIVE TO BASELINE

NEW FAR—TERM

RETROFIT/MODIFICATION DERIVATIVE NEW
PROCEDURES . NEAR-TERM
]]Iao IIIa1 ]]Ib1 maz mbzf‘ INa I¥b A'A Ma Vb Xlc Yid
1985
— |
2000
| I e |

9i—-9€0216—9.H

62 Olid

;



¢TT

: VZ“#L/.""‘:O*QL

% DIFFERENCE

% DIFFERENCE

AIRPGRT IMPACT

NOISE EXPOSURE RELATIVE TO BASELINE

OPERATING: RETROFIT/MQDIFICATION " DERIVATIVE NEW NEW FAR—TERM
PROCEDURES . NEAR—TERM

s Tmb  Mlsy Mla, TIby IMa, Idb, I¥a IUb T ¥Ma YIb YIc YId

1985

2000

=16

91—9€0¢16—9LY

0g 'Oid



91T

0Z—~1L—E0=9L

% DIFFERENCE

% DIFFERENCE

OPERATING

PROCEDURES

a

IIb

GOVERNMENT IMPACT

ANNUAL FUEL USED RELATIVE TO BASELINE

RETROFIT/MODIFICATION

Tifag IHa, IIb; Mla,

b,

DERIVATIVE NEW
' NEAR-TERM
IWa Vb YA
1985

Ma

NEW FAR—TERM

¥Tb

Mec

Md

-8

2000

91—9£0216—9LY

L€ "Otd



LIT

9L—LL—~E0—GL

9% DIFFERENCE

% DIFFERENCE

10

10

—-10

OPERATING
PROCEDURES

’]Ia

GOVERNMENT IMPACT
ANNUAL EMISSIONS RELATIVE TOBASELINE

RETROFIT/MODIFICATION TTDERIVATIVE NEW NEW FAR-TERM
NEAR-TERM
IlIaO m31 I]Ib1 IlIa2 IlIb2 IWa I¥b AYA . Mla MIb ¥Mlc Yid
' 1985

e T e

2000

91—-Y€0C1L6—9LY

ze Old




BTT

L1—LL—EQ0—BL

9% DIFFERENGCE

% DIFFERENCE

30

2

20

15

10

25

20

15

10

OPERATING

PROCEDURES

IIa

b

GOVERNMENT IMPACT

CUMULATIVE R&D SPENDING RELATIVE TO BASELINE

RETROFIT/MODIFICATION

DERIVATIVE

I¥a

Vb

NEW
NEAR—-TERM

h's

1985

Ma

NEW FAR—-TERM

¥ib

Mc

MId

2000

91-9£0Z16—9LY

€€ '0id



6TT

G- —E0~9L

% DIFFERENCE

% DIFFERENCE

OPERATING
PROCEDURES

Ha IIb

AIR TRAVELER IMPACT

FARE RELATIVE TO BASELINE

RETROFIT/MODIFICATION DERIVATIVE NEW NEW FAR—TERM

NEAR—-TERM
HIag a4 HIb, ‘]I[az I by IVa I¥b hva Mla ¥MIfb YIc YId
1985

-2

2000

T T T 77 [ ] =

91—9€0C16—-9.H

e 'Old



R76-912036-16

The noise impacts on airports, as summarized in Fig. 30, clearly favor
the derivative and new-aircraft options because the new aircraft are consider-
ably quieter than baseline in-production models. The new near-term aircraft
case, Option V, gives the most favorable results in both years, although it is
closely followed by Options VIc and VId in the long term, and Option IVa is
also good. Noise exposure is an impact for which the retrofit/mod options do
not look attractive because they retain large numbers of older, noisier air-
craft.

Government Impacts

Three parameters -- annual fuel usage, annual emissions, and cumulative R&D
spending -- were selected as representative of govermment-related impacts.
Although Fig. 31 shows that all options result in fuel sa.ings relative to the
baseline, it is clear that the derivative and new-aircraft opbions offer the
greatest reductions in the long term, whereas short-term impacts are smaller
and fairly equal over most of the options. The picture with regard to emis-
sions is quite different, however. Results in Fig. 32 show that only the
derivative and new-aircraft options yield appreciable emissions ¢dvantages.~
The retroflt/mod options are again seen to be unfavorable, as with noise,
because older aircraft are retained longer. Fig. 32 shows that an important
side benefit of the new-aircraft technology optlons is the large reduction in:
emissions they. produce. It should also be noted that these results are rela-
tive to the baseline case, in which steady reductions in emigsions occur as
wide-body airplanes are assigned tc replace retiring older models.

As shown in Fig. 33,the options dependent on advanced technology reguire
large R&D investments by government, whereas the operational procedures with
present ATC, re*roflt/mod and derivative options require no outlay of funds
over the baseline. Option V appears quite attractive because onlya minimal R&D
investment is required to implement a present- technology, fuel-conserv1ng alr-
craft design, ~

Air Tfaveler Impacts

Impacts on air travelers are described by fare differences compared. with the
_baseline case, as shown in Fig. 34. Since passenger demand is inversely related
to fare, the results in Fig. 34 are qualitatively opposite to those in Fig. 23.
The options. which show up well in the short term are Option IIb and Option V,
while Option ITa is poor. - In the long term, Opticn V. is still superior, Dubt two
advanced-technology options (VIc and VId) .are also favorable to air travelers.
Although the percentage differences relative to the baseline are generally small
for both forecast years, it appears that air travelers benefit most from improve-
in ATC and aircraft technology The retrofit/mod and derivative options produce
small impacts. : ' R ' v

OF THE
REPRODUCL’BILITY
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BENEFIT/COST ANALYSIS

Introduction

All of the preceding discussion of results has emphasized the fuel-saving
aspects of the alternative options investigated. The stimulation of demand,
where it occurs due to improved quality of service, was shown to limit the
absolute fuel saving despite improvements in fuel efficiency which is, in
itself, a benefit/cost ratio (pass,.-mi/gal fuel). However, the fuel savings
shown were achieved along with other effects (variations in user cost and time,
and in noise and emissions) and with, usually, a Government spending cost for
the R&D required to accomplish the fuel saving.

Since many of these costs can be significant, and since they vary from
option to option, a meaningful comparison of alternative options should account
for the costs measured as well as the fuel saving achieved.

The UTRC Benefit/Cost Methodology is used to combine the various benefits
and costs of a particular option into a single overall rating without resorting
to artificial equivalences (to relate such diverse quantities as noise, emis~
sions, Government spending, etc.) in order to evaluate their relative effects.
This process involves the calculation of dimensionless, normalized, benefit/
cost ratios, which are then combined into a benefit/cest rating using appro-
priate weighting factors for each cost element. The weighting factors can be
derived in a pseudo-analytical fashion, as described in Ref. 14, or can be
developed from an opinion survey as to the relative importance of each cost
(as described in Ref. 19). The Benefit /Cost Methodology is fully described.
in Refs. 14 and 19; a brief description of its application in this study is
given below. : ‘ ‘

The first step in calculating the benefit/cost‘rating isjto normalize
the defined benefits and costs of each option by the corresponding baseline
values; thus, - '

/C

b. = B,/B =G,
3 7 By/B, and ogy = Oy

>

oJ

where B; and Ci' represent a single benefit and the jth cost assoCiated with
option i, B, and Coj the corresponding baseline values, anQ'bi and ¢, the nor-
malized values for opticn i. Fractional benefit/cost ratios, representing the
amount of benefit provided per unit cost relative to the baseline, are calcu-

lated from: :

.
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£15° bi/cij .

A value of fj4 greater than 1.0 indicates that option i is superior to the
baseline with respect to cost j (i.¢e, it provides more benefit per unit cost )}
a value less than 1.0 indicates the baseline is better. The benefit/cost
ratios are combined into a benefit/coSt rating using weighting factors wj for
each cost:

Again, a rating greater than 1.0 indicates superiority relative to the base-
line. ‘

Development of Benefits, Costs, and. Weighting Factors

; For the RECAT study, one benefit (enplaned passenger—miles) and gix costs
have been utilized in the analysis. The benefit value is taken directly from
the simulation results; calculation procedures for the six costs for the 600
city-pair network are described below. '

User cost and user time: These costs were calculated for origin-
destination air travelers using all of the cost and time elements of disutility.
These include both direct expenditures (fare and block time) as well as indi-
rect cost and time, such as access, schedule inconvenience, destination trans-
portation, ete. Since the 600 city-pair alr network transports connecting
passengers from other city-pairs, the total user.cost and time were: found by
expanding the 0-D values by the ratio of enplaned passenger-miles to O-D
passenger miles. ‘ '

Fudi~mmlcmmmm&‘adhmd;memoftmaQWQMﬁmlmm@wmwms

calculated by applying the fuel-vs-distance characteristics of each aircraft
to the frequencies determined for each city-pair. o

: Government R&D spending: This cost was calculated by determining the
year-to-year R&D program costs required to support each option and‘converting
them to a total present value. The custs of separate R&D programs were esti-
mated for options IIb (advanced air traffic control); IV (derivatives); V
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(new near-term aircraft); VIa and VIb (new far-term turboprops); VIc (new far-
term turbofans); and VId (new far-term turboprops and turbofans). The esti-
mated annual spending for these programs, beyond the baseline R&D program, is
presented in Table XXI. In addition, an R&D program of $12k million (1973%)
annually has been estimated as necessary to support the baseline scenario.
This figure is the average annual NASA spending for programs related to
‘commercial air transportation for FYT73-FYT5. The spending programs were con-
verted to cumulative present values using an 8 percent discount rate. This
is done by weighting each year's spending by an appropriate'factor; the
result is the amount of money which must be set aside at the beginning of the
period (1973) to fund the total program, assuming 8 percent annual interest.
The cumulative present values for various periods for each program are
presented in Table XXII. These amounts include both baseline spending and
+the additional expenditures shown in Table XXI. The Government R&D cost
applicable to a particular option for a particular year is the cumulative
present value for the period ending with that year taken from Table XXII.

Noise: The noise characteristics of each aircraft type actually used in
the various options are presented in Table XXIII. Using these data, the air
system noise was estimated relative to 1973 for a fictitious average airport
having 260 takeoffs and 260 landings per day in 1973. This airport, defined
to be typical of the air transportation network, is similar to the "23-
Airport Average" of Ref. 15. The areas within the 15, 20, 30 and 40 NEF
not se contours were estimated (assuming 15 percent of the flights are night-
time operations). Next, the number of people highly annoyed by airplane noise
was calculated by the method of Ref. 1 assuming an average population density
over the noise-impacted area. This process was repeated for each forecast
vear and option using the mix of airplane types and the operational frequencies
appropriate to each case, The assumption was also made that the population .

" within the 15-NEF noise contour would increase at the same rate as the total
projected population growth (1 percent per year) for the 2l7 SMSA's in the
study. R ‘ ‘

Fmissions: Airplane emissions were estimated based on the EPA landing

and bake-off cycle for each airplane type. The EPA cycle measures the pollu-
tants produced during operations, including: o6 minutes at idle power setting,
0.7 minutes at take-off power, 2.2 minutes at climb power, and H.O‘minutes‘at
"approach power setting., This cycle was used to esbtimate five classes of :
pollutants for each airplane: carbon monoxide (CO), unburned hydrocarbons
(UHC), oxides of nitrogen (NOy), oxides of sulfur (80y), and particulate matter
(®M)., The SOy estimate was based on an average sulfur content of aviation gas
. gurbine fuel of 0.065 percent by weight as reported in Refs. 16 and 17. Since

 the classes of pollutants are not equally noxious, a combined emissions index

L23
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Year

1976
1977
1978
1979
1980
1981
1982
1983
1984 |

1985-2000

TOTAL

Adv.
ATC
(ITb)
0

10

20

20

20

20

10

100

TABLE XXIT

GOVERNMENT R&D PROGRAMS

Annual Spending Beyond Baseline (106 1973 $)

New New Far-Term Aircraft
Near-Term Turboprops
Derivatives Airecraft 1985 1990 Turbofans TP +TF

(IV) (V) (VIa) (VIb) (VIe) (via)

1.5 L 7 7 7 9

0 13 35 32 | 35 38

0 0 65 lg 60 66

0 0 91 61 110 121

0 0 102 61 101 121

0 0 25 54 L3 Th

0 0 0 36 19 46

0 0 0 20 o 20

0 0 0 5 0 5
-9 -9 _;9_ e 0 9

17 325 325 375 500

1.5
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Period

fl973-l980

1973-1985

© 1973-1990

1973-2000

TABLE XXITI

GOVERNMENT R&D COSTS

~ Total Cumulative Present Value (lO6 1973'$, 8% Discount)

: New New Far-Term Aircraft
, ; Adv. , Near-Term Turboprops ;

 Baseline L ATC Derivatives Aircraft 1985 1990 Turbofans TP +TF
(I,ITa,III) (11b) (1v) () (Via) (VIb) (VIe) (via)
7126 ks T13.7 7okl 890.7 839.0 898.1 922.7
980.1 1036.6 -o981.2 ’ ‘ 1991.9 1170.7 . 1160.7 1195.9 1259.0
“1162.1 § : 1218.6 1163.2 | 1173.9 1352.7 1342.7 1377.9 k1.0

1370.3 - 1426.8 13714 1382.1 1560.9 1550.9 1586.1

1649.2
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Type-

B-Th7
DC-10/11011
DC-8/B-707
B-727-100/200
B-737-2C0
1¢-9-10/30
Turboprop

DC-8ER/B-TOTER

[e=9-30D1
DC-9-30D2
B-T27-300"
DE-10-10D
DC~10-h0D
1-1011-Sh0rt
1=1011-Long

NR0-200-1
N80-200-L
NﬁothO-L

N85-200
u85-350
%85-500

- 1185<200P

Takeoff

106.3

99.3

116.7(5Th /112

' 99.7
9.

5

R

\

7.6

pte]

ARk

0
(Yol
(oM

0
| &
- OGN

{1) 3.5 .nmi from brake reiease‘
{2) 1.0 nmi from threshold

TABLE XXIV

ATRCRAFT NOISE AND EMISSIONS CHARACTERISTICS

Noise (EPNAB)
(x ,

ggnding(g)

. 105.7

.8(JT3D) ‘107-1(

~(J78D-209)~

105.2 ~
JTh) /116 .6(JT3D)
106.9
108.0"
108.0

Total Fmissions

{1b/EPA cycle)

242

182

ghp
76
51
51
13-

102

51
57
81

b7

212

182

208

102
6l
182

50
80
96

Combined Emissions Indéx

{1b/EPA cycle)

71
53
35
23
16
16

L

_ (1b/EPA - cycle/seat)

0.
.19
.23
0.23/0.17 -
.16
- 0.23/0.17
.09

0
0

0

0

0.

O 000000

o O

[ele o]

18

21

i
.15
.15
.22
.19
.27
.15

.15
.10

0.13

.07
.07
.06
.06

vt g
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.
Y

(CEI) was determined as set forth in‘Ref. 18:

NO S0 .
_ X % . UHC o
CEI =M + 7= +* =5 * 575 * oy

This equation is based on an assumed index of physiological tolerances; i.e.,
the body is 1.37 times more tolerant of NO, than of particulates, 3.82 times
more tolerant of SOx than of particulates,. etc. Table XXIII summarizes the
emissions per cycle and CEI per cycle for the airplane types defined in the
study. Since airplane usage varies with eaéh option and forecast year, the
CEI values in Table XXIII for each airplane were multiplied by their respective
yearly operations rates and summed over all airplanes to obtain the total
pollutants. g ‘

The annual benefits and costs for each year and for each option are sum-
marized in Tables XXIV-XXVII. As noted above,ythe noise impact was related
to the 1973 value for a fictitious airport merely to avoid the necessity to
expand noise-impacted population to the total system, a parameter which could
be subject to misinterpretation, yet no more useful for the benefit/cost
analysis. : ‘

The following weighting factors were used to épmbine the six individual
benefit/cost ratios into a single benefit/cost rating. These weighting
factors represent an average of calculated values and the results of a survey
of UTRC and NASA staff members (Ref. 19).

User Cost. . 0.151

User Time ' - 0.2hko
Fuel . 0.243
_Government R&D -0.093
Noise . 0.128
~ Emissions ) R 0.1hs5

Benefit/Cost‘Results

The methodology described above was used to derive the benefit/cost
‘ratings presented in Table XXVIII. The interpretation of these results can
be assisted by references to the individual fractional benefit/cost ratios :
(fi') which are preSented symbolically in Tables XXIX-XXXII. Taken in combi-
nation, these tables can be used to illustrate the strong and weak points of -
each option in each forecast year. ' P o

(Text continued oh_page 137)
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TABLE XXV

1980 BENEFITS AND COSTS

Pass,.~ User User Gov't

: , Miles Cost Time Fuel RE&D Noisge Emissions

Option | | (107)  (10%) (1Pnrs) (10%ga1s) (10%) (rer. to '73) (103 tons)
T Baseline 168.8 8.09 L70.2 6.656 712.6 0.882 36.3
Ta = 60¢/gal Fuel o W3 7,57 403.2  5.587 0.884 30.5
To ~ Fuel Allocation: 70% Load Factor 16k.9 7.88 468.5 5.315 0.723 30.6
ITa = Operating Procedures: Present ATC 159.3 7.84 Ls1,2 6.187 0.863 34,3
IIIaO Retro/Mod: In-Prod. Only 170.0 8.11 473.5 6.356 " 0.885 36.6
ITTa, Retro/Mod: Aero, Proj. Ret. 170.9 8.13 L76.1 6.436 0.941 37.1
IIIby Retro/Mod: Aero + Eng, Proj. Ret. 168.9 8.09 4704 6.329 0.875 36.5
Iila, Retro/Mod: Aero, Delayed Ret. 170.0 8.12 L73.7 6.701 1.076 38.3

IIIb, Retro/Mod: Aero + Zng. Del. Reb. 165.5 8.03 460.5 6.403 Y 0.901 36.9
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Option
1. ‘Baseline.

‘Ta  60¢/gal Fuel

Ib Fuel Allocation: 70% Load Factor

ITa Operating Procedures:: Present ATC

ITb . Operating Procedures: Advanced ATC

IITay Retro/Med: In-Prod. Only

'IIiai Retro/Mod: Aero, Proj. Ret.

IITb] Retro/Mod: Aero + Eng., Proj. Ret.
IIlap Retro/Mod: Aero, Delayed Ret.
IITb, Retro/Mod: Aero + Eng., Del. Ret.

IVa . Derivatives: - :
IVb  Derivatives: No L-10ll-Long

V.' New Near-Term Turbofans

" VIa New Far-Term T'Props: 1985 avail.

TABLE ZXVI

1985 BENEFITS AND COSTS

Pass.~
‘Miles
(109)
ogl 1

191.2
216.0

2143
S 235.2

225.3
225.1
224.3
22k.6

ppo,2

225.3
223.0

228.8

223,k

User
Cost
(10%%) -
10.62

10.01
10.22

10.35
10.91 .

10.63
10.6k4
10.62
10.64

10.59 -

10.62
10.59

10.66

10.60

User Gov't

Time Fuel R&D Noise Fmissions
(10° nrs) (109%als) (166$) (rel.to 73)(103 tons)
626.5 8.44o 980.1 0.958 L6.7
539.0 7.117 0.877 39.6
622.7 6.4h04 0.603 39.7
608.9 7.871 0.936 i .6
656.8 8.428 1036.6 0.951 ho,7
629.9  7.987 980.1 0.958 47.1
629.1 8.078 0.990 k7.5
626.9 8.060 0.980 L47.3
627.5 8.176 1.027 48.0
621.1 8.100 0.978 L7.5
631.0 7.961 98i.2 0.895 45.0
623.5 8.299 981.2 0.915 46.3
643.3  B8.03L 991.9 0.863 4.6
625.1 8.165 1170.7 0.918 .2
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Ta

Ib .

ITa

Iip

Option
Baseline

'60¢/gal Fuel : ’ :
Fuel Allocation: . T70% Load Factor

Operating Procedures:: Present ATC

* Operating Procedures: ' Advanced ATC

IITa, Retro/Mod: In-Prod. Only

IITa; Retro/Mod: Aero, Proj. Ret.

IITbq Retro/Mod: Aero +Eng., Proj. Ret,
IITa, Retro/Mod: Aero, Delayed Ret.

IVa
IVb

-V

Via

VIib .
Vie:

vid

. IIIby Retro/Mod: Aero + Eng., Delayed Ret.

Derivatives:
“Derivatives: N¢ L-10ll-Long

New Near-Term Turbofans

New Far-Term T'Props: 1985 avail.
New Far-Term T'Props: 1990 avail.
New. Far-Term T'Props:

New Far-Term T'Props & Fans

TABLE XXVII

1990 BENEFITS AND COSTS

Pass.- User User
Miles Cost Time
(109) (109%)

280.5 13.40 789.8
240.8" 12.73 681.5
270.5 12.89 791.2.
270.1 13.13 772.6
29l 7 13.78 828.5
282.4 13.543 795.1
281.5 13.k2 793.2
281.4 13.51 0 792.5
280.0 13.39 788.5
278.7 13.36 785.3
283.7 13.k5 800.9
279.2 13.50 786.2
293.2 13.56 833.6
281.2  13.41  793.3
281.4 13.42 792.7
285.2 13.k9 806.6
284.3 T 13.46 803.7

(10€ hrs)

Fuel
(10%gals)
10.536

8.982
7.791

9.867
10,500

9.944
9.838
9.823
9.737
9.720

9.khgly
10.256

9.531

9.955
10.193
9.649
9.620

Gov't
R&D Noise Emissions
(105%) (rel. to 73)(103 tons)
1162.1 1.059 59.1
0.997 .50.6
0.526 50.0
1.046 57.0
1218.5 1.061 62.7
1162.1 1.068 59.6
1.050 59.7
1.052 59.7
1.043 59.8
1.026 60.0
1163.2 0.962 55.3
1163.2 0.97h4 58.4
1173.9 0.873 53.7
1352.7 . 0.973 52.7
1342.7 1.020 5.7
1377.9 1.002 51.4
1kh1.0 1.006 51.5

ool
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Option

I Baseline

2000 BENEFITS AND COSTS

TABLE XXVIIT

Ia  60¢/gal Fuel

IIla, Retro/Mod.:
IITay Retro/Mod.:
IIIbi Retro/Mod.
'IIIas Retro/Mod.:
_IIIby Retro/Mod.

TVa  Derivatives:

Tb  Fuel Allocation: 70% Load Factor

ITa Operating Procedures: Present ATC
ITb Operating Procedures: Advanced ATC

IanI‘Od. . Only

Aero,. Proj. Ret.
: Aero & Eng., Proj. Ret.

Aero, Delayed Retb.

: Aero.& Eng., Delayed Ret.

IVb . Derivatives: no L-1011-Long

v New Near-Term Turbofans

VIa New Far-Term T'Props: 1985 availability
VIb - New Far-Term T'Props: 1990 availability
VIc 'New Far-Term Turbofans

VId New Far-Term T'Props & T'Fans

Pass.
Miles
(109)

436.1

379.2
425.0

423.9
456.8

439.1
439.1
439,1
439.3
439.5

440.8
L432.3

h6e1.7

436.3
4364
4u8.0
Uiz, L

User
Cost

21.25

21.45
20.66

20.92
21.79

21.28
21.30
21.30
21.32
21.31

21.25

.21.22

21.h7

21.23
21.25
21.26
21.25

User
Time

1246.0

 1087.0

1253.3

1228.7
1300.9

125kh.2
1253.8

1253.8
12542

©1256.1

1264 .6
1235.5

1337.9

1250.7
1250.4
1300.3
1295.7

Fuel
(107 §)  (10° mrs) (107 gals) (106 §)

16.

1k,
12.

15

15

13.
.007

16

13

15.
15.
12.
12

400

156
516

.L39
16.

376

Lo
15.
15.
15.
15.

337
319
252
200

51

.810

386
laT
168

.168

Gov't

R&D Noise Emissions
(rel to 73) (103 tons)

1370.3 1.213 92.9

1.161 81.0

0.562 78.8

1.208 90.3

1426.8 1.206 98.6

1370.3 1.210 93.6

1.207 93.8

1.210 93.8

1.203 93.9

J 1,181 94,0

T 1371.4 0.970 85.0

1371.4 1.032 92.7

1382.1 0.868 79.7

1560.9 1.008 81.6

1550.9 1.024 81.5

1586.1 0.903 58.7

16L49.2 0.935 59.0
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' Option

Baseline
60 ¢/gal Fuel

Fuel Allocation: 70% Load Factor

Gperating Procedures: Present ATC
Operating Procedures: Advanced ATC

Retrc/Mod: Tn-Prod. Only
Retro/Mod: ' Aero, Proj. Ret.
Retro/Mod: Aero & Eng. Proj. Ret.
Retro/Mbd: Aero, Delayed Ret.
Retro/Mbd: Aero & Eng. Del. Ret.

Derivatives: .

Derivatives: MNo I-101l-Long
New Wear-Term Turbofans

New Far-Term T'Props: 1985 avail.
New Far-Term T'Props: 1990 avail.

‘Wew. Far-Term Turbofans

New Far-Term T'Props & T'Fans

TABLE XXTIX

BENEFIT/COST RATINGS
1980

1.000

0.965
1.091

0.985
0.985

1.015
1.005
1.013
0.970
0.990

1985

1.000
0.9%3
1.127

0.992
1.020

1.016

- 1.007

1.007
0.996
0.999

1.032
1.008

1.0k6

1.000
0.960
1.169

0.994
1.022

1.017
1.019
1.019
1.018
1.017

1.056
1.015

1.096

1.029
1.013
1.045
1.038

2000

1.000
0.960

1.179 .

0.997
1.021

1.019
1.021
1.021
1.023
1.026

1.09
1.020

1.155

1.046
1.0L45
1,197
1.185

Average

1973-2000

1.000
0.967
1.123

0.993
1.010

1.015
1.011
1.012
1.004
1,008

1.040
1.009

1.06k

1.017
1.012
1.051
1.047
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TABLE XXX

1980 FRACTIOMAL BENEFIT/COST RATIOS

Overall

User User Gov't
Option Cost Time Fuel R&D Noise Emissions Rating
(0.151)*% (0.240)  (0.243)  (0.093)  (0.128) (0.145)
I Baseline 0 0 0 0 0 o - o]
In 60 ¢/gal Fuel , - 0 0 -— - 0 -
Th: Fuel Allocation: 70% Load Factor 0 0 T - - A+ i +
ITa Operating Procedures: Present ATC - 0 0 - - 0 0
IITa, Retro/Mod: In-Prod. Only 0 0 + 0 0 0 0
IITa;  Rebiro/Mod: Aero, Proj. Ret. 0 0 + 0 - 0 0
IITb;  Retro/Mod: Aero & Eng., Proj. Ret. 0 0 ++ 0 0 0 ¢
IITa, Retro/Mod: Aero, Delayed Ret. 0 0 0 0 -—- - -
IITb, Retro/Mod: Aerc & Eng., Del. Ret. 0 0 0 0 Lo - 0
: Benefit/Cost Ratios
¥. Weighting Factor KEY: ¢ 0.98-1.02
‘ ‘ + ©1.02-1.,05 - 0.95-0.98
++ 1.05-1.10 -~ 0.90-0.95
R 1.10-1,20 ~== 0.80-0.50
. >1.20 —mm= <0.80
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TABLE XXXT

1985 FRACTIONAL RBEIEFIT/COST RATIOS

User User Gov't Overall
Cost Time Fuel R&D Noise Emigssions Rating
(0.151)% (0.240)  (0.243) (0.093) (0.128)  (0.145)

6] 0 0 6] 0 0 0

- 0 0 ——— -- 0 -

o - 4+ - +++ o+ +++

0 o] + - - 0 0

+ 0 +3 o] ++ 0 +

0] 0 ++ 0 0] o] 6]

0 0 -+ 0 - 0 o]

0 0 + 0 - 0 0

0 0 + 0 -- - 0

0 0 + 0 - - 0

0 0 At 0] +4 + +

0 0 0 0] + 0 0

¢] 6] +4 0] +++ ++ +

0 0 * -—- + ++ o

Benefit /Cost Ratios

Option
I Baseline
Ta 60¢/gal Fuel :
o Fuel Allocation: - 70% Load Factor
ITa Operating Procedures: ~ Present ATC
Iib Operating Proecdures: Advanced ATC
~ IITa, Retro/Mod:  In-Prod. Only
IITa;  Retro/Mod: Aero, Proj. Ret.
TIXby . Retro/Mod:  Aero & Eng., Proj. Ret.
IITa,  Retro/Mod: -Aero, Delayed Ret.
IITb,  Retro/Mod: Aero & Eng., Del. Ret.
IVa Derivatives: i v
Vb Derivatives: (no L-1011-Long)
v New Near-Term Turbofans
VIa New Far Term T'Props: 1985 avail.
* Weighting factor Key: 0
: ) +
.H
+4
4+

0.98-1.02

1.02-1.05 - 0.95-0.98
1.05-1,10  -- 0.90-0.95
1.10-1.20  --- 0.80-0.90

> 1.20 ----<0.80

i e enp g

P

e e
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TABLE. XXXII
1990 FRACTIOMAL BENEFIT/COST RATTOS

; ‘ User User Gov't Overall
tion : : ’ Cost Time Fuel R&D Noise Emissions Rating

(0.150)* (0.240) (0.243)  (0.093) (0.128)  (0.1k5)
0 0 0

I Baseline ‘ 0 0 -0 0
Ia 60¢/gal Fuel ' - 0 o -—- - o) -
Ib Fuel Allocation: 70% Load Factor 0 - -+t - +4+++ et +++
ITa Operating Procedures: Present ATC 0 0 + - - -0 0
‘IIb Operating Procedures: Advanced ATC + 0 ++ 0] + 0 +
IIla, Retro/Mod: In-Prod. Only 0 0 ++ 0 0 0 0
IITay Retro/Mod: Aero,. Proj. Ret. 0 0 ++ 0 0 0 0
IITby Retro/Mod: ’Aero'w Eng., Proj. Ret. 0] o] ++ 0 0 0 0
IIla, Retro/Mod: Aero, Delayed Ret. 0 0 o+ 0 0 0 0
IITb, Retro/Mod: Aero + Eng., Del. Ret..- 0 0 ++ 0 + - 0
IVa Derivatives: , , 0 0 +++ 0 e+ ++ ++
Vb perivatives: . Nc 1L-10ll-Long 0 0 + 0 ++ 0 0]
'V  -~ New Near-Term Turbofans ' - ot ‘ 0 ++ + ++++ +++ G+
Via New .Far-Term T'Props: 1985 avail. 0 0 ++ - ++ T+ +
VIib New Far-Term T'Props: 1990 avail. : 0 0 + S—_ + ++ 0
Vic New Far-Term Turbofans 0 o} ++ Y= ++ 4+ +
vId New Far-Term T'Praops + T'Fans 0 0 4 -— ++ ++ +
: : : ‘ Benefit/Cost Ratios
*eighting factor ; Key: 0 0.98-1.02

+ 1.02-1.05 - 0

4 . 1.05-1.10 -- 0
+++ 1,10-1.20 ——- 0.80-0.90
+t+ > 1.20 ——— <0
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TABLE XXXTII
2000 FRACTIOMAL BENEFIT/COST PATIOS

Opticn
I Baseline
Ta 60¢ /gal Fuel S
Ib ‘Fuel Allocatior: 70% Load Factor
. ITa Operating Procedures: Present ATC
ITo Operating Procedures: Advanced ATC
IIfa, Retro/Mod: In-Prod. Only
I1ley Retro/Mod: Aerc, Proj. Ret.
IITby Retro/Mod: Aero + Eng., Proj. Ret.
ITiag. Retro/Mod: Aero, Delayed Ret.
I1Tb, Retro/Mod: Aero + Eng., Del. Reb.
~IVa Derivatives: , ,
Tvb :  Derivatives: -No Li-1011-Tong
v “Wew Near-Term Turbofans
Via New Far-Term T'Props: 1985 avail.
vIb - New Far-Term T'Propst 1990 avail.
Vic TWew Far-Term Turbofans
vId

" New Far-Term T'Props + T'Fans

User
(0.151)*
0

o O O 0O 00N

-+

+ + 0. O

#Jeighting factor

User
(0.240)
0

0

o O

00000

[eNe]

(o]

[oloNeRe]

Key:

Gov't
Fuel R&D Moise Emissions
(0.243) (0.093) (0.128 (0.145)
0 0 o - 0
0} - - 0]
e+ - 4+ ot
+ - - 0
+ ++ 0]
++ 0 0 0
++ 0 0 a
++ 0 0] 0
++ 0 0 0
++ G + 0
FETES 0 PR et
0 0 s 0
£+ + -+ ot
++ _— -+t 4+
++ ——- +++ ++F
b -— + 4+ 4+
+t - i+t ++++
Benefit/Cost Ratios
5 0.98-1.02
o+ 1.02-1.05 - 0.95-0.98
4 1.05-1.10 - 0.90-0.95
+++ 1.,10-1.20 ——— 0.80-0.90
> 1.20 ——— < 0.80

A+

Overalil

Rating

b

+ O

+ 4+ + + O

+++
4+

9T-9£02T6~9.4
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BEffect of Fuel Allocation Measures

Referring to Table XXVIII, fuel allocation measures as applied to the
baseline case (Ib) are seen to have the highest benefit/cost ratings of all
options. These high ratings are directly related to higher load factors
(70 percent rather than 58 percent). Tables XXIX to XXXII show that the
fractional benefit/cost ratios which are most influential in these ratings
are those with respect to noise because of heavy use of the relatively quiet
B-747 and DC-lO/L-lOll aircraft., - Cther ratios substantially greater than
1.0 are for fuel and emissions. Ratios less than 1.0 occur for user time
(lower frequencies) and Government R&D (same cost as baseline, but lower
benefit).

The 60¢/gal fuel cost scenario is consistently inferior to the baseline,
with its major weak points being low benefit/cost ratios with respect to user
cost, noise, and Government R&D. User cost increases because the higher fuel
cost results in a fare increase., The fare increase depresses demand, thereby
reducing the benefit, and as noted below, noise does not decrease corre-
spondingly with the reduced demand.

Effect of Technoiogical Fuel-Conserving Options

As shown in Table XXVIII, the operating procedures options (ITa and IIb)
have benefit/cost ratings near 1.0, where improved procedures without benefit
of advanced air traffic control (ATC) are less cost-beneficial than the base-
line case (R < 1.0) despite & fuel saving; the provision of advanced ATC
makes the option more beneficial than the baseline case (R > 1.0) despite the
fact that very little fuel is saved because of increased demand. In addition
to the increased demand, which helps all benefit/cost ratios (Tables X¥X to
XXXII), Option IIbis also favorable with respect to user cost, because of a
fare reduction, and with respect to noise, since noise does not increase in
proportion to demand¥. - The higher demand also manages to balance the R&D
expenditure shown for the improved ATC in Table XXVII.

The retrofit/modification options (Options TIT) also have benefit/cost
ratings near 1.0; as shown in Tables XXIX to XXXII, their only significant
advartage, in benefit/cost terms, is due to the fuel savings achieved. In
"all other factors except noise, their benefit/cost ratios are either neutral
or slightly negative; in terms of noise, these options which retain the older
aircraft (ag, any by, by) show a disbinct noise penalty in 1980 and 1985
(Tables XXIX and XXX). =~ ;

¥ With regard to noise, it appears that, for a given mix of airplanes, noise
exposure does not vary -appreciably with changes in demand. Therefore, in a
case such as Option IIb, in which demand is higher than the baseline, the -
improved benefit is not balanced by a correspondingly higher noise exposure.
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Among the technological options, the highest benefit/cost ratings
(Table XXVIIT) are associated with those options providing a replacement for
the B-747 on short routes (i.e., IVa, V, VIe, and VId). As shown in Tables
XXX to XXXII, all of these options offer substantial advantages (high benefit/'
cost ratios) in terms of fuel, noise, and emissions. The high Government
spending incurred by the development of advanced technology, which shows up
in adverse benefit/cost ratios for this cost item, is more than balanced by
these favorable benefit/cost ratios. The turboprop-only options (VIa, and
VIb) and the derivative option without the L-1011L (IVb) have lower rabings
because of the limited impact achievable with new aircraft of 200-passenger,
and smaller, sizes. The all-turbofan option (VIc) and the turbofan-plus-
turboprop option (VIA) are nearly identical in the overall ratings; the only
significant difference being the higher combined R&D costs of the two devel-
opment programs.

Summary of Benefit/Cost Results

In the near term (to 1985), significant gains can be achleved by the
introduction of derivative aircraft (if the favorable characteristics of the
I-1011L can be achieved), and further gains can be obtained by the introduction
of new near-term turbofan aircraft.: ' ’

In the far term, the development of new far-term aireraft, elther turbofan-
powered alone, or with both turbofan and turboprop powerplants, is decldedly
cost beneficial, though through the year 2000 best results are achieved with
only new near-term airplanes. In any case, the imposition of a fuel-allocation

;ﬁﬂgéfzée ecan enhgnce both fuel saving and benefit/cost rating, as evidenced
by the gains due to this measure in the baseline case. '
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REGULATORY IMPLICATTONS

Introduction

The aviation industry is currently subject to a great deal of regulation,
both economic and safety-related. Economic regulation by the Civil Aeronautics
Board (CAB) embraces entry and exit, fares, industry structure and viability,
and, less directly, many other aspects of the industry. At the present time
there is extensive debate cover the future of aviation regulation. The Admin-
istration favors significant deregulation, and the Congress is interested in
some of the consumer benefits associated with such a change. The CAB itself
has considered experimental deregulation znd is pushing for procedural reform.
Regulation is pervasive in its effects on the aviation system and must be
taken into account in any attempt to project, or promote, systemn changes. 1In
this section selected results having possible regulatory implications are sum-
marized, and the regulatory impacts or changes are discussed with respect to
these specific points.

RECAT Results with Possible Regulatory Implications

Frequency Restraints/Increased Load Factors

Tn & fuel allocation scenario, frequency reductions, or constraints on
frequency growth, are essential. Even without fuel allocation, frequency
growth limitations are required to avoid airside congestion. Carriers would
be reluctant to do this voluntarily and might tend to reduce frequencies on
noncompetitive or unprofitable routes rather than on competitive, high-
frequency routes. As a result, maximum fuel efficiency with minimum adverse
impacts would not be achieved. Thus, more government regulation of capacity
might be required. The number of carriers in a given market, the types of air-
planes they would be permitted to operate, etc., might be regulated, over and
above present regulatory policy.

The operabing cost economies brought about by very high load factors in a
fuel allocation scenario would raise carrier profits.  Lowering fares so that
’profits would be reduced to reasonable levels would stimulate demand, thereby
increasing fuel use. To prevent this, the Government might tax this excess
revenue, possibly using it to fund fuel-conserving technology developments oxr
to subgidize the price of synthetic petroleum fuel.
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Tnvestments in New Aircraft

Fuel conservation in the near term can be effected by either retiring
older-model turbojet- and turbofen-powsred airplanes or by retrofitting them
for improved fuel economy; aerodynamic modifications and reengining are the
likely ways to reduce their fuel consumption. However, even after these
changes, the older-model airplanes would still be less efficient than the new
airplanes (current wide bodies) which would replace them, and retrofitting
would delay replacement by from three to five years, possibly longer. There-

~fore, 1t appears that rapid retirement of older airplanes, particularly LYENB
models, would save fuel if the cost burden of replacement by new airplanes
could be eased by Government policy, perhaps using tax credits, or by fostering
sale of these airplanes to foreign carriers. Additional benefits would accrue
in noise reduction and emissions if LENB aircraft are replaced in the U,S,
fleet,

The impacts of fuel-conserving aircraft are more favorable to the public
(through reduced noise and emissions) and to manufacturers (through sale of
new, high-technology airplanes) than to airlines. However, these favorable
impacts will not come about unless airlines are able and willing to purchase
the new aircraft. Since the net present value of high-technology aircraft
fleets is only slightly greater than fleets consisting of additional units of
presently available aircraft, the problem is not one of influencing the choice
of new purchases. Rather, what appears to be needed is a more attractive

environment for carrier investment in new equipment, regardless of type.

Afr Traffic Confrol

Tmprovements in air traffic control (ATC) would tend to reduce delays and
thereby promote alr transport system efficiency in terms of time as well as
fuel. Although the costs of such improvements are not borne directly by the
airlines (ticket taxes pay the bill via the Airport/Airways Trust Fund), imple-
mentatbion of ATC improvements may require that carriers refit their airplanes
with special eguipment to attain compatibility with the new ground-based ATC
equipment (e.g., microwave ILS, vortex alleviation devices). If the cost of .
such equipment exceeds carrier expectations of potential savings; ATC improve-
ments may not be effected, or may not achieve the maximum benefit.

Discussion of Regulatory impiications

Flight Freguency/Load Factors

- The regulatory implicabions of conserving fuel by reducing or slowing the
growth of flight frequency arc extensive and complex, whatever means are used
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to achieve the frequency change. Available means include the allocation of
fael, which directly forces each carrier to restrict operations, and the direct
regulation of service frequency by the CAB. They also include less direct
measures such as a change in the '"Domestic Fare Tnvestigation" standard load
factor upon which fares are based (thus providing a strong economic incentive
to the airlines), approval of voluntary interline agreements to reduce capac-
ity, and expansion of charter-type operations.

Regulatory issues surrounding these approaches include:

1. Who shares in the presulting efficlency gains?

To the exbent that it is the consumer who benefits through lower fares,
the resulting increase in demend for air travel may reduce or negate system
fuel savings. To the extent that it is the carrier who benefits, there are
regulatory (and public policy) questions. The CAB is unlikely to freeze fares
while increasing 1load factors and thus reducing costs. Tt would be possible,
through direct regulation of frequency or manipulation of the CAB fare formu-
lae, to share £he benefit between consumers and carriers. It is also possible
to create a tax which allows fares to remain near current levels but prevents
+the carriers from realizing unreasonable profits. This would of course require
legislation and is not considered likely.

2. Tn what markets will the frequency reductions occur?

The danger is that direct allocation, with the airlines free to institute
frequency cutbacks, will result in low-volume, low-profit service being cut
rather than the highly competitive, high-volume markets. Such a result is
probably unacceptable as a practical matter. The other approaches would, or
could, be implemented so as to affect the high-volume markets. Capacity agree-
ments, however, which have been permitted in the past to reduce frequencies,
are currently locked on with disfavor by virtuslly all agencies of the federal
government (including the Department of Justice, the Congress, and. the CAB).
Significent expansion of charter-type operations raises many questions and is
anlikely unless it results. in a- sharp drop in travel cost (raising the demand-
stimulation problem noted above). pirect regulation of frequency could clearly
be tailored to achieve reductions (or control growth) in particular types of
markets and in a way that either limits or permits demand increases. It does
represent an additional form of regulation and thus goes somewhat against the
grain of current thinking direchted at less regulation. ‘
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3. What degree of load factor increase represents an unacceptable
degradation in service?

The current load factor standards were not pulled out of thin air.,
Rather, they were the result of extensive deliberation and balancing of vari-
ous economic, service, and social factors. Clearly there is a point at which
high load factors imply service which is unacceptable in terms of ability to
get a seat at a desirable time. This is of course more acute in low-volume
markets but is of general concern. The standard is currently under review by
the CAB.

New Aircraft Technology

The fuel-conservation cptions involving the adoption of new aircraft
technology include aerodynamic improvements, engine refit, derivatives, and
entirely new aircraft types. From the perspective of regulatory implications,
each presents a similar problem, differing largely in degree. That problem 1s
how to gain adoption of new technology in the absence of clear economic advan-
tage to the airlines. k

The problem is particularly difficult at a time when capital formation
within the industry is of wide concern. Recent rates of return on investment
for the trunk industry as a whole ranged from 1.4 percent to 7.8 percent
(1970 - 1974), consistently below the rates identified by the CAB and most
observers to be required to maintain a financially healthy industry. Individ-
ual lines, of course, have seen losses which have at times raised doubts about
their ability to provide service. ' ‘

Tn this setting, an approach involving mandatory adoption of new
technology seems problematic. The precedent which exists in the area of noise-
reducing technology is not encouraging in terms of the ease with which such
adoption for fuel-conservation purposes might be mandated. Solutions involving
mandatory adoption of new aircraft types seem unlikely.

Nonmandatory approaches would involve providing the airlines with the
economic incentive to proceed with adoption of the new technology. This could
be done by modifying current regulatory policy. An example is to favor, in
route award decisions, air carriers which are adopting the desired equipment.
There is currently little interest at the CAB in this type of modification of
policy. :

: More direct incentives, such as tax incentives or direct subsidy, are
possible, although either would require legislation. Informed observers



R76-912036-16

believe that subsidy of airlines from the Airport/Airway Trust Pund or general
revenues, for the purpose of encouraging adoption of fuel-conserving aircraft
technology, is an extremely remote one.

Advanced Air Traffic Control

The development and implementation of improved methods of Air Traffic
Control (ATC) as a means to conserve fuel presents few problems in terms of
regulatory implications. Historically, the federal government has directed
and funded such activities primarily, but not solely, for safety-related
reasons, Continuing improvement of the ATC technology is funded out of the
Trust Fund supported by the ticket tax.

Demonstrable fuel savings resulting from new ATC technology, as estlmetei
in Option IIb, may be a factor in the Congress' determination of appropriate
funding levels for development and.introduction of a next generation of ATC,

Requirements for on-board instrumentation for commercial aircraft to
provide compatibility with new ground-based ATC does not present significant
regulatory problems. Other precedents exist with many réquirements for safety-
related devices. Even though new systems may be in part intended to conserve

fuel, the major justification for significant advances will be safety in an

increasingly congested airspace,

Summary

The major regulatory implications of fuel-conservation measures boil down
to three potential conflicts:

1. Fuel Conservation vs. Promotion of Air Travel

Current law identifies as a goal of aviation policy the promotion
of air travel., Any proposal to conserve fuel by means that involve the
limiting of demand, or the failure to lower the cost of air travel if
otherwise feasible, will be very difficult to implement, (The 55-mph
speed limit is & rare instance of acceptance of a demand-dampening
change in transportation pollcy. It is only partly analogous, however,
since it involves safety as well as fuel conservatlon among its
Justlflcatlono.)

2. Fuel Congervation vs. Service

To the extent that a conservation measure involves reduction in
service it will face tough scrutiny in the CAB and the Congress.
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Service to smaller communities i's of particular importance, but even
service reductions in high—volume markets will be difficult to achieve

as they begin to affect the ability of the traveler to travel at about

the time he or she chooses.
Fuel Conservation vs. Carrler Viab ity

3.
Although of less regulatoryfimportance than the two potential

conflicts above, the current fihancial position of the carriers is
Conservation measures which significantly reduce

of great concern.

carrier viability, such as uneconomic acceleration of new. equipment

adoption, will be difficult to jimplement.

In summary, the problems and pbtential conflicts between fuel conservation
. Successful

measures in aviation and other aspepts of aviation policy are real
achievement of conservation goals Will require a coordinated consideration of

regulatory and legislative'impllcaflons.
i

r

|

!
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CONCLUDING REMARKS

Although the major objective of this study has been to compare
technological alternatives to achieving fuel conservation in the air transpor-
tation system, it has been shown that "actual" fuel usage is not the only con-
sideration. If it were, then a solution which incurs enormous cost to the
system, thereby raising operating costs and fares, thus reducing demand, would
appear most attractive. Obviously, some balance must be struck between abso-
lute fuel savings and maintenance of a viable air transportation system.

Comparative Measures

In this study, several devices have been used to express the relationship
between fuel usage and system costs.,  Fuel efficiency, expressed in passenger-
miles (or seat-miles) per gallon of fuel used, 1s a. parameter which is appro-
priate to measure system performance as regards the way fuel is used. Tn
effect, it modifies the parameter "actual fuel used" by introducing demand
served as a consideration of equal importance. However, the drawback to fuel
. efficiency as a comparative measure is that it cannot be used to determine
cumulative fuel used.

Another device which was employed in the presentation of results is
"adjusted" fuel usage. With this barameter it becomes possible to compare
options on the basis of cumilative fuel, and the problem of demand variations
among options is eliminated by normalizing demand to the baseline value in
eacilt case. Thus, adjusted fuel used is & convenient measure of the "sayings"
in fuel relative to the baseline case. '

Finally, the use of benefit/cost'ratios has been utilized because it is a
means of bringing additional considerations, such as noise, emissions, and
government spending,'into the comparisons, Fuel, user cost, and trip time
enter, directly or indirectly, into the calculation of disutility which deter-
mines demand. Therefore, these barameters have an implicit effect on fuel
used (actual or adjusted) and on fuel efficiency. However, noise, emissions,
and government spending do not enter into the calculation of these other
‘measures; they are considered only in the benefiﬁ/cost analytical process.

Summary of Results

In an attempt to,summarize‘thé ﬁdtality of results for all options;and to
compare the~fuel-con5ervation‘potential of each alternative, a set of summary

1h5
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charts has been prepared in which the measures noted above have been employed.
General results for cumulative demand, cumulative fuel saved, and average gain -
in fuel efficiency (defined as the ratio of cumulative demand to cumulative
fuel used) are presented for the near term (1973-1985) in Fig. 35, and for the
far term (1973-2000) in Fig. 36. These charts,'whichalsogivethebenefit/cost
ratings for each option, express the differences of each parameter relative to
the baseline case, giving not only the absolute difference in the cinmulative
parameters (on the scale), but also the percentage differences (on each bar).
An additional chart, Fig. 37, provides summaries of actual and adjusted cumu-
lative fuel savings for selected options over various segments of the forecast
period.

Considering first the near-term results in Fig. 35, note that, in terms
of 'goodness'", all parameters have been selected to be better when they are
positive and numerically high. In the case of benefit/cost ratings, numbers
greater than 1.0 indicate an improvement relative to baseline values, whereas,
in the other parameters presented, numbers greater than zero represent improve-
ments. Also, results for the baseline sensitivity options are indicated by
dashed lines to differentiate them from the technology-oriented results. Since
fuel price and load factor variations may also be applied to any other option,
these results are not meant to suggest alternghives to the technology options
but additive effects which could be expected if these measures were adopted in
combination with the other options. Therefore, their inclusion is primarily
for reference rather than comparison.

The near-term results show that differences among the technology options
are relatively small. Since derivative and new-aircraft fleets are rather
smell up to 1985, the beneficial effects of these advanced-technology options
are not evident in Fig. 35. Respectable fuel savings are achieved by the
operating procedures and retrofit/modification options, but the largest of
these savings (ITa) is clearly due to depressed demand. This leaves only
revrofit and modification as practical methods of conserving fuel in the near
term. Of the five retrofit/mod options studied, the best are: ITTa,, in
which no retrofits to out-of-production aircraft are performed, and baseline
retirement schedules are used; and IIIbl, in which both aerodynami¢ and engine-
retrofits and modifications are performed with retirement schedules for out-
of-production aircraft delayed only slightly (3-5 years) from the baseline.

Par-term results, as depicted in Ig. 36, are quite different from near-
term results. Impfovements occur in all cases, bub the optinum derivative and
new-aircraft options gain proportionally more than Options IT and I1IT. The
end result iz that the options tend to improve with advancing technology level,
i.e., toward the right in the figure. As noted before; ﬁhe;reﬁrofit/mod 4
options merge Lo & common result in the long term, with cumulative fuel savings
of about 5 percent and average fuel efficiency gains of about 6 percent, -

146



INT

~ 1L £0-9L

0t

CUMULATIVE DEMAND
DIFFERENCE — 109 PASS—MI

CUMULATIVE
FUEL SAVED — 109 GAL

GAIN IN AVERAGE
FUEL EFFICIENCY — %

B/C RATING

$
-
(o
o

+50

20
15

10

20

15

10

SUMMARY OF NEAR—-TERM RESULTS; 1973—-1985

RESULTS RELATIVE TO BASELINE

NEW FAR-TERM

BASELINE PROCEDURES DERIVATIVE NEW
SENSITIVITY OPTIONS RETROFIT/MODIFICATION OPTIONS OPTIONS NEAR-TERM Pes  Pgg TF P4TF
0.97911.079| { 0.991] 1.001 | |1.009|1.004|1.006] 0.991} 0.997 [ 1.011] 1.003] | 1.015} {1001 10 f 10 10 |
=
31
o 2r
o 'j(_l
e G e
1263
5 3= +0 +0.66
2 J +0.4 5 005 0.3 +0.16 — 0 0 0 %
] [] 1 ~4 = =20
1 i : I [——J ~0.16 —0.1
| [ [ ~1.1 -0.9
S ==
r T o3
=
7!
A —4.1
—251
16.0
i i
11.79% 4 l
it R
oo |
' ! : 5.1
1
: 3.2
{ ] : , 28 22 28 o 23 1.6 14 oo
R I T2 1 rm. M 225 0 0 0%
16.3%
| 1
{ {
I l
i
! I
I N
| ] 5
4
: ! 1.0 2.1 28 28 1.4 1.8 2.1
: 1.0 .
=t -]
B D I Ib Tk s, by, I, Ib, Vs I v Yl Wb Y Vi

91—9E0216—9LY

€ o4



T

EL~LL=E0~OL

CUMULATIVE
FUEL SAVED - 109 GAL  DIFFERENCE =1

GAIN IN'
AVERAGE FUEL EFFICIENCY ~ %

CUMULATIVE DEMAND

09 PASS=M|

BASELINE
SENSITIVITY

SUMMARY OF FAR—TERM RESULTS; 19732000
ALL RESULTS RELATIVE TO BASELINE

PROCEDURES
OPTIONS

RETROFIT/MODIFICATION OPTIONS

DERIVATIVE
OPTIONS

NEW
NEAR—TERM

Pgs

NEW FAR—TERM

Pao

TF

P+TF PF

B/CRATING | 0.967{1.123 |

+400

| +200
-0
—200
—400
60
40

20

25
20

15

{ 093] 1.010 |

015 [ 1011 [1.012]1.004 [ 1008 |

[1.040[1.009[ .

| 1.064]

f1.017]1.012] 1.051 [1.047]

w 0
[ = +32.7
c Bk +3.1
S a o O -
T 9 Sé ro8 +1.4  4+1.3% +1,i9%
2 4= +0.6 405 0.4 403 - +0,04 < 40.1 -
B e P r > : —1 J
T grre o5
o | i . .
- : & :.. .
6. t._28
LA A '
—~1151
~ 21,9
. -
: ; 1
- 13.5% 1 ! 13.1%
QT ! 108 11.0% T~ 71
. . { 9.0 8.7 i
i ' 1
— i .t 5.8 49 50 53 49 56 : a1 !
| i 2.9 |
, { 12 1.8 r——l.__
| ] | p ey |
-~ 24.5% -
| §
i I
— i .
Loy 16.8%
1 i =
B A 135 13.9  13.8% _!
| ! 10.8 1
5 Lo i
; { 1 !
i { 57 58 60 55 67 1
i 4.4 4.3 §
| | : : 31 i
1 24 13 |
t 1 ‘ :
| L ! ] -4
~,3.2%: T _g 16 Ta Ib Tag - IMa; by ey by e - I¥b hvA Ya Wb Ve Vid Wie

91—-9£0¢16—9LY

9¢ 'Old




R76-—-912036—-16 FiG. 37
CUMULATIVE FUEL SAVED THROUGH TECHNOLOGICAL OPTIONS

12 Yic
11 b b

10

[ ApyusTED TO BASELINE DEMAND |

ADJUSTED CUMULATIVE FUEL SAVED — %
o)}
|

11 Yic

o O
10 S

RN
[ ACTUAL FUEL SAVED ] , /f ¥
/

CUMULATIVE FUEL SAVED — %
o1
I

0 : ”~ 4 o | R
1970 1975 1980 1985 1990 1995 2000

FORECAST YEAR ——
76—03~71=11__

149



R76-912036~16

However, the advanced-~technology options achieve considerably more impressive
long-term improvements- over the baseline case. Particularly notable is Option
V which combines the lergest demand stimulation with a respectable cumulative
saving in fuel and, in terms of average fuel efficiency, ranks with options
VIc and VId. The basic derivative option, IVa, also provides significant
improvements over the baseline, and about double the retrofit/mod improvements.

As noted earlier (page 10l), the computed results do not reveal the
full potential of the propfan because a large propfan aircraft design was
not made in the RECAT study. If it 1s assumed that a large propfan-
powered alrplane would have the same fuel efficiency advantage over a
turbofan-powered airplane as it has in the 200-passenger size, and tlat
the economic performance is aboutb the-sahe, then an all-propfan case can
be estimated as shown in Case VIe of Fig. 36. These results, which are
indicated by dashed lines to identify them as estimates, show thatb
gsignificant additional fuel savings may be achieved with propfans.

When consideration is taken of the benefit/cost ratings, the above
discussion need not be qualified., In the near term, the ratings are all very
close to 1.0, and those technology options which appear most attractive (IIIa
and IITby) do not suffer from the additional considerations included in cal-
culating the beneflt/cost ratios. There are, however, some gains in relative

~ ranking by Options IVa and V which place them in a slightly more favorable

light. Considering its moderate fuel saving and superior benefit/cost rating,
Option V may be a good near-term alternative from this broader perspective.

In the long term, the fuel saving advantages of the advanced technology
options are further augmented by their high benefit/cost ratings. Purthermore,
it appears that Option V achieves a slight edge because it has the highest
benefit/cost rating (due to much lower Government spending relative to Optlon
VI) and close to the highest fuel efficiency.

Thus , desplte the many additional factors considered in the benefit/cost
analysis, the implications are not significantly different than were found in
the earlier comparison made primarily on the basis of fuel saved, thereby
enhanc1Dg the confidence with which the study results can be regarded. This
rapport xs fortunate because it means that striving to save fuel is not incon-
sistent w1*h efforts to improve the overall air transport System as measured

by’beneflt/cost ratings.
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Actual and Adjusted TFuel Savings

Some additional insights can be gained by comparing the options on the
basgis of actual and adjusted cumulative fuel savings continuously over the
forecast period. 'This comparison is made in Fig., 37 for those technology
options which achieved the best results in Pigs. 35 and 36. The advantage ?f
this presentation is that it makes possible a determination of the best option
for any period out to the year 2000. Rankings in actual fuel saved in the
previous two figures appear on the bottom half of Fig. 37 for 1985 and 2000.
Also irdicated are the numerical standings for all other jyears, - Since the
curves intersect in many places, it is apparent that these numerical rankings
are strongly dependent on the period of years chosen.

Furthermore, it can be seen that the relative standings of the various
options are not the same for adjustedysavings as they are for actual savings.
Since actual savings may be somewhat deceptive as an indication of fuel
efficiency, the adjusted savings provide the better comparison. Based on this
measure, three options (IIb, IITay, and V) are the best alternatives for fuel
conservation throughout the period, However, whereas ITb is the best choice
up until 1979*, it is ultimately the worst choice (among the options depicted)
by 2000. Similarly, Option V does not emerge as the best choice until 1988,
and although Option IITa, is dominant in the middle period, it is a poor long-
term choice. Note that,at the very end-of the forecast period, Option VIa
becomes better than Option V by a small amount. However, due to the steep
slope of the Option VIe curve, it would predominate in later years.

Further insight into the relative potential of alternative options
can be gained by examination of the fuel efficiency trends presented in
Fig. 38. These curves are not cumulative results, as in Fig. 37, nor
are they gains over the baseline, as in Figs. 35 and 36; rather they are
actual values of fleet fuel economy for each of the selected options in
each of the forecast yvears connected by smooth curves to show the probable
continuity. It is evident that a substantial gain is achieved, even ’
in the baseline case, as brought about by both the ground rules of the
study (load factor of 58 percent, 10/90 first class/coach split) as
compared with historical (1973) practice, and the substituticn and addition
of the more-efficient wide-body aircraft into the fleet. The effects of
those measures are felt strongly out to about 1980, but very little
further gain is achieved in later years because of the limited opportunity
to introduce a grester fraction of the newer aircraft, and because the wide
bodies are used at increasingly shorter stages. - '

*For the period prior to 1980 O;mionsriia and IIb are the same.
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Above the baseline are shown the additional gains in fuel economy achieved by
the alternative options. Crossovers among the options are similar to those seen in
Fig. 37 except that the effects of the more advanced options show up immediately upon
introduction of the option rather than as effects accumulate, as in Fig. 37. Thus,
crossovers occur earlier, an effect most noticeable in the case of the far-term air-
craft option (VIe) which dominates beyond about 1992 rather than 1999, as in Fig. 37.

Although Fig. 37 is probably the single most descriptive exposition of the
results which emerge from this study, it must be interpreted with care. Because the
individual options defined for this study are very selective; i.e., each one specifies
a particular fuel-conservation alternative, and combinations of options are not con-
sidered, not one of the individual options, including the baseline, can be thought of
as a future scenario. Therefore, the interpretation of Fig. 37 must be that the sav-
ings indicated for any given option are probably the minimum that might be achieved.
Additional savings can be achieved if certain options are combined, particularly if
sxstem,improvements, such as thion ITb, are combined with aircraft technology im-
provements, such as Options IVa, V, and VI. On the other hand, some of the retrofit/
mod options may not be very compatible with the advanced-technology options because
retention of older-model aircraft may delay assignment of new designs, thereby
reducing fuel savings. N

To a first approximation, some of the options given in Fig. 37 are additive.
For example, the combination of Option ITb with Option V would result in a cumuiative
adjusted fuel saving of about 15 percent in the year 2000, and the combination of
Option IIb and VIc would save about 6 percent. Because of the problem noted gabove in
connection with the incompatibility of retrofits and new-aircraft options, such com-
binations are not quite additive. For example, the combination of Option IIlag with
Option V results in a 14,2 percent saving in 2000 rather than 15.5 percent which
would result from adding the two. Similarly, the combination of Option IIIay and Vic
results in 15.5 percent rather than 17 percent. :
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APPENDIX A

TOTAL FUEL USAGE BY U.S. CERTIFICATED CARRIERS

Since the fuel use figures given in the main text refer specifically to
the 600 city-pair system, it is of interest to consider the extrapolation of
these data to the total domestic system. At the same time, the fuel used by
U.S. carriers in cargo and international service can be added to the baseline
domestic figures to obtalin an estimate of total fuel usage by all U.S. certi-
ficated carriers.

The extrapolation of fuel from the 600 city-pair system to the domestic
total is based on the 1973 enplaned passenger-mile and air system fuel effic-
iency data in Table VI. In any forecast year, total domestic fuel usage is
determined by scaling the 600 city—pair fuel figure ‘using the ratios of -
enplaned passenger-miles and fuel efficiency in the first two columns. If
Fygoo is the 600 city—pairkfuel in s forecast year, total domestic fuel in

that year, FYTOT’ is:
126.5 x 107 _ o
3 e e = 1.35 F
yror - TY600 T07.5 % 10 Y600

This conversion reflects the fact that the fuel efficiency in the 600 city-
pair system is higher than the system average because the average stage-
length and average airplane capacity are higher. In effect, it indicates
that almost 3/4 of the domestic fuel is burned on the 600 city-pair routes.

Cargo and International Fuel Use

Estimates were made of the fuel used by U. S all—cargo and international
carriers in the forecast years. The procedures used to make these estimates
do not approach the level of detail included in the estimation of fuel used
in domestic passenger operations. However, they account, in a relat1Vely
crude way, for fuel used in these nperations and, when added to domestic con-
sumption, provide a figure repres entative of total U.S. air carrier fuel
‘usage, In the following paragrephs, the methods of forecasting cargo and in-
ternational fuel consumptions are described, and the results are presented
for the entire forecast period cf study (1973-—2000)

Projectioh of Fuel Used in;All—Cargo Operations

Inasmuch. as. the study emphaslzes the progectlons of passenger travel, it
does not consider explicitly the energy requlrements of freight transportatlon
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eXxcept as an adjunct to passenger transportation through the use of belly cargo
compartments in passenger aircraft. Belly cargo is, of course, not insignifi-
cant and, with the advent of wide~body aircraft, has often been blamed for the
failure of the air cargo market to develop es rapidly as had been predicted.
Nevertheless, a significant all-cargo market does exist and its fuel require-
ments should be projected along with those of passenger air transportation,

The worldwide freight market has been predicted (Refs. 20 and 21) to grow
as shown in Fig. 1. Pertinent segments of this market (U.S. domestic and
North American international) are also shown in Fig. 1 sas projected in Ref,

21, In these references, the 1975-t0-1985 worldwide growth is about 10 percent
annually, where the U.S. domestic freight growth is 9.5 percent, and the com-
bined U.S. domestic plus North American international growth prediction is
gbout 10.6 percent annually. For the post-1985 period, average annual RTM
growth rates of 9 percent worldwide and 8.6 percent for combined U.S. domestic
plus North American internsational were assumed.

From CAB statistics (Ref. 22), all-cargo revenue ton-miles (RTM) were
calculated for the years 1970 to 1973 and are also shown in Fig. 1. These
values must be calculated by summing the operations of the different types of
operators (trunks, all-cargo, etc.) and airplanes (4-turbofan regular body,
etc.) because only scheduled values are given in a summarized statistics such
as are presented in Ref. 23, It is seen that there was growth in all-cargo
operations between 1970 and 1972 but a significant decrease between 1972 and
1973, While a two-year period is not statistically meaningful in establishing

a trend, the 1970 to 1972 period showed an averasge annual growth of 8 perceht.
This is considerably lower than the total air freight growth in the various
segments noted in this periocd, but a lesser all-cargo growth should be ex-
pected because of the introduction, in this period, of the wide-body passengey
airplanes which offered large belly cargo capacity. ‘

If one were to ratio the all-cargo operations growth in this period (8 per-
cent) to the growth of total cargo operations (13 percent) and apply this
ratio to the approximate 10 percent growth of the total market predicted for
the 1975-t0-1985 period, a'resulting growth rate for all-cargo operations
would be about 6 percent annually. However, with the introduction of wide-body
all-cargo aircraft as is currently being done by Northwest Orient, Seaboard
World, and Continental, it is expected that all-cargo operations will capture
a larger share of the total cargo market, particularly as the growth of the
passenger fleet capacity (and belly cargo) is expected to be lower (6 percent
to 8 percent, Ref. 20) than freight. Accordingly, & projection of 8 percent
annually has been assumed from the last data point (1973) available for all-
cargo revenue ton-miles. As shown in Fig., 1, this results in a U. 8. all-
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AIR FREIGHT PROJECTIONS
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freight market of about 8.8 pillion RTM in 1985 and 28 billion RTM in the year
2000. .

While the fuel used in all-cargo operations can be calculated for previous
years using the CAB statistics (Ref. 22), it is not logical to merely apply a
growth rate based on RTM to these values because the introduction and increas-
ing use of the fuel-efficient wide-body eircraft will produce fuel savings
which can be at least estimated. Accordingly, an abtempt was made to project
the RTMs expected for each aircraft type, and then apply a fuel intensity value
to calculate the fuel used by each type, values which can then be summarized
for en overall fuel projection of all-cargo operations.

Based on CAB data (Ref. 22), the revenue ton-miles of the aircraft types
in operation up to 1973 were caleculated and are shown in Fig. 2%, Because
four-engine regular-body cargo aircraft tend to be loaded more heavily by all-
cargo carriers, and produce better fuel economy, these types were separated
between trunk and all-cargo carriers. As shown in Fig. 2, the data do not lend
themselves to establishing a clear trend. Therefore, it has been assumed that
the RIM for these aircraft will reach a level of 1700 RTM/yr in 1975 and will
remain at that level out to 1985, at which time <they will begin & decline
assumed to reach 100 million RTM in the year 2000, Beyond 1975, all-cargo
growth is assumed to come in the form of the introduction of wide-body all-
cargo aircraft, Based on the trend shown in Fig. 2, the use of 3-engine regu—
lar-body all-cargo aircraft appears headed dovnward and the trend has been
simply extrapolated to 10 million RIM in 1985 and phased out after that.

Adding the trends for the regular-body cargo aircraft shown in Fig. 2 and
subtracting from the projected RTM for all-cargo operations given in Fig. 1
leaves the RIM expected for wide-body cargo aircraft, as shown in Fig, 2. It
is really too early to tell how this will be split between lL-engine (B=TLT)
and 3-engine (DC-10) aircraft; orders ¢urrently on the books suggest sbout a 60/
40 split in RTM. The precise split is not too important for the projection of
all-cargo fuel use since both aireraft are quite fuel-efficient compared with
conventional aircraft, Using the assumed split, the RTM trends are as shown
in Fig. 2.

CAB data (Ref. 22) permit the calculation of fuel intensity (gal/RIM) of
all-cargo aircraft for those types in operation in 1973. Since wide-body all-
cargo aircraft were not in operation in that year, the fuel intensity of such

* Note that turboprop aircraft, though included in the historical calculations,
are not.shown in Fig, 2 because their productivity was less than 60 million
RIM after 1970 and were phased out between 1973 and 19Tk,
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aircraft must be estimated based on the fuel consumption and gpeed character—
istics of wide-body passenger aircraft and known cargo capacity of wide-body
all-cargo aircraft. These calculations are given in Teble I, and summarized
values of fuel intensity estimated for the present study are shown below:

Operator . Aircraft Gal/RTM
Tiunk 4TF, R-B 0.218
All-Cargo LTF, R-B 0.163

- 3TF, R-B 0.280

- LR, W-B 0.102

- 3TF, W-B 0.160

- Lrp 0,255

Applying these fuel intensity values to the revenue ton-mile projections of
Fig. 2, the estimate of fuel used, shown in Fig. 3, is obtained. It is seen
that whereas the all-cargo RTM projection represents an 8 percent annual growth
to 1985, the improved fuel efficiency of the wide-body aircraft now being in-
troduced results in an overall fuel projection having only 5.8 percent annual
growth to 1985. Projections beyond 1985, based on the extrapolated RTM data
given in Fig. 2, give an average growth in fuel consuned of 6.7 percent/year.

Projections of Fuel Used by U.S. International Passenger Carriers

‘ Fuel consumed by U.S. international passenger carriers was estimated by a
method similar to. that used for cargo. Projections. were first made for the
traffic volume in revenue passenger miles (RPM), fuel intensities were speci-

_ fied for each aircraft type appropriate to the forecast years, and fuel usage
was projected as the product of these components. : '

Of the various projections of future RPM: growth in the international pas-
senger market, those presented in Refs. 20, 21, and 2l represent a spectrum of
viewpoints, including manufacturer, operator, and independent forecasters.
These forecasts range fram optimistic to pessimistic, &s shown in Teble IT,
They are in agreement in only two respects, namely the marked decline in !
growth relative to historical data and the unequal growthkby sectors.
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TABLE I

FUEL INTENSITY OF TRANSPORT AIRCRAFT
(1973 °C.A.B. Data)

OPERATOR OPERATION A/C TYPE REV. TONS GAL/BL. HR BL. SPEED GAL/RPM

Trunk Dom., Pass. L4TF, W-B 19.0 3388 456 0.39
Trunk Int., Pass. " 24,9 3598 470 . 0,307
Trunk Dom., Pass 4YTF, R-B 8.2 1765 L12 0.52
Trunk Int., Pass. " 9.9 1866 Lt 0.h22
Trunk Dom., Pass., 3TF, W=-B 12,6 2236 hio 0.431
Trunk Int., Pass. " 15.5 2652 Lo 0.381
Trunk Dom., Pass.  3TF, R-B 6.6 1313 357 0.557
Trunk Int., Pass. " 6.9 1503 386 0.564
Trunk Damn., Cgo. 4YTF, R~B 20.9 1860 420 0.212
Trunk Int., Cgo. " 19.1 1876 451 0.218
Al1-Cgo. Dom., Cgo. " 29.6 20ba, - l1e 0.166
£11-Cgo. Int., Cgo. " 29.5 2166 ks2 0.162
Trunk Dom., Cgo. 3TF, R-B 12,0 1377 410 0.280
All-Cgo. - , Cgo. YTF, W-B ~T6.5% ~ 3600 ~ 460 0.102
Ali-Cgo, -, Cgo. 3TF, W-B ~3T.5% ~ 2600 ~ U430 0.160
- -, Cgo. Lrp 8.7 675 273 0.255

*  Cargo Load Factor estimated at 60% in years subsequent to 1974, Based on
trend of system load Tactor for all-cargo operations starting at 51% in 1870

and reaching 59% in 197k,
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Sector‘
Atlantic
Pacific
Latin America

TOTAL

TABLE TT
Summary of RPM Growth Rates

International Air Passenger Carriers
Ref, 20/Ref., 22/Ref. 24

RPM Growth Rales in Percent

~— Historicgl ——m -~ Projected -
1960-1970 1970-1974 1970-1975 1975-1980 1080-1985

16.5 2.9 L.5/-/- 6.9/-/6.4  5.4/-/-

13.5 -0.6 12.7/-/- 1k.0/-/8.1  11.0/-/-

17.1 0 13.0/-/- 13.5/-/9.0 12,1/-/-

15.9 1.1 8.8/7.4/-  10.4/8.9/7.5 8.6/7.0/-
;
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A.éummary of RPM projedtions adopted for this study is shown in Fig. ki,
The growth rates by sector, which are noted in the inset, were adapted from
the data in Table II. The contrast in future RPM growth relative to the 1958-

1973 period is apparent.

Considering the base year for this study (1973) it is of interest to see
how RPMs and fuel were distributed by aircraft category. Using Ref, 23 as the
source of these data, Figs. 5 and 6 were prepared to show this breakdown.

Note that four-engine wide-body aircraft generated the most RPFMs of any air-
craft type, but were second to four-engine regular-body aircraft in fuel usage.
Of the remaining categories, turboprop and turbojet aircraft accounted for only
minor shares of REM and fuel, and both have declined further since 1973,

Three~-engine wide-body aircraft had not made a significant impact in 1973,
but their utilization on international routes can be expected to increase at
the expense of three- and four-engine regular-body aircraft. Assuning that
these latter aircraft types will be phased out by the late 1980s and early
1990s, wide-body aircraft will eventually dominate in all sectors. A summary
of this assumed changeover is given in Table III in terms of both RPM and fuel
consumed by sector and by aircraft type. The RPM data were taxen fram Fig. U4
and fuel intensities for each aircraft category were based on the following
1973 data from Ref. 23. '

Aircraft Category Average 1973 Fuel Intensity, Gal /RPM
- Four-Engine Wide-Body Turbofan 0.0k4120
Four-Engine Regular-Body Turbofan ‘ 0.05262
- Three-Engine Wide-Body Turbofan . 0.04577
Three-Engine Regular-Body Turbofan | | 0.05891
; Foﬁi—Engine Regular—Body Turbojet o 0.06708
Four—Engine‘ReQUlar—Body Turboprop . S 0.06270

As the more—fuel intensive aircraft are retired, overall fuel intensity of
the international passenger aireraft fleet decreases with time, as shown st the
bottom of Table III. Thus, the growth of fuel usage is less than RFM growth.
The estimate of total fuel is illustrated in PFig. 7 by sector and by year
throughout the forecast perlod -
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REVENUE PASSENGER MILES (109)

FIG.. 6
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FUEL USED — GALLONS (109)

FIG. 6

FUEL USED IN INTERNATIONAL PASSENGER 1973 SERVICE BY U.S, CARRIERS
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TABLE IIL

Summary of RPM and Fuel Projections

International Alr Passenger Cérriers

i 73 80 85 90 95 .00
izOne Type RPM  Gal RFM  Gal RFM  Gal RPM. - Gal RPM  Gal ERPM Gal
| ak | ady b | ok ad | ad) ol | ad ad | ady o)

Atlantic  LEWE 10,424 418 17,850 735 26,132 1077 | 34,056 1403 43,500 - 1792 53;600 2208
4ERE 6,925 336 2,520 133 1,112 60 0.0 0 0 Ip 0
3ERB 630 148 630 = 37 556 33 344 20 0 0 v 0
YETS s5h7 - 36 0 0 o 0 0 0 o o G o

i Total i8,126 838 21,00C 905‘ 27,806 1170 34,400 1423 43,500 >1792 53,600 2205
1] .

Pacific 4EWB L,Lho 191 11,647 LBo 16,660 - 686 23,630 9Tk 33,150 1366 47,515 1956
LERB 3,339 i85 1,946 102 784 L1 0 0 0 v o 0
3EWB 212 10 437 20 | 2,15 99 | w170 101 5,850 268 8,3'857 38h
3ERB 8L 9 7 b 0 0 0 0 o 0 0 0 !
Total 8,071 39k 14,100 606 19,606 ‘826 27,800 1165 39,000 - 2634 55,500 2342

Luzin 4EWB 1,971 85 8,554 352 @16,5&5 oB2 28,946 1193 42,026 1732 62,252 2565

prexier YERE 5,389 282 3,960 208 ’ 3.,110 180 o 0 k) 0 © 0 0
3Ews 1,572 7L 4,116 188 | 8,335 381 ih,séh 666 2k, 472 - 1120 36,48 1659

: 3ERB 2,389 131 3,168 187 3,116 183 2,290 135 G v o 0
4B 257 18 0 | 0 0 0 0 0 0 0 0 ‘o
‘ LETP 66 b 60 o 0 oo o % Y 0
: VTotal’ 11,643 591 19,800 935 31,200 1416 145,800 99 | 66,500 2852 98,500 logk
Bt 37,840 1823 | sk,900 24k6 | 78,500 3406 108,000 4582 11lg,000 6278 208,000 8774
‘,);«e.-,alz 0,04818 - 0,0u4l56 0.04339 o.oh2ﬁ3 0.04223 ;04219
'Zx\::?;nsity {gal/RPM) | ' k |
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sammation of Fuel Usage

Using the scaling law derived earlier for domestic passenger-carrier fuel,
the baseline 600 city-pair forecasts in Table VIE the cargo fuel projection in
Pig. 3, and the international fuel projection in Table III, an estimate can be
made of anticipated fuel use by all U.S. certificated carriers. This summation
is shown in Fig. 8. Since the growth rates are different in each of the three
sectors, the perecentage of total fuel used by domestic passenger carriers de-
creases from T5.8% in 1973 to 64,3% by the year 2000, while in the same period,
cargo fuel use grows from 6.6% to 10.2%, and international fuel use from 17.6%

to 25.5%.

Two qualifications should be noted with respect to Fig. 8.  First, the
slow growth in fuel use between 1973 and 1980 is related to the assumed seating
density and load factor incresses included in the RECAT ground rules (Table V#).
Second, the fuel estimate for domestic passenger carriers is based on the de-
tailed simulations described in the text, whereas the cargo and international
projections are less credible in their derivation. However, since the deriva-
tion of cargo and international fuel data is well documented in the tables and
figures of this appendix, variastions in these projections ¢an be easily incor-
porated into the results in Fig. 8.

¥ Main text.
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FUEL USED — 1092 GAL/YR
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TABLE IIT

Summary of RPM and Fuel Projections

International Air Passenger Carriers

73 '80 '85 '90 '9§ 2000
Zone Type RPM Gal RPM Gal RPM Gal REM Gal REM Gal RPM Gal
— | ety ady | )y ady| ) ) | gy @) | @by ) | )y
Atlantic  LEWB 10,424 418 17,850 735 26,132 1077 34,056 1403 43,500 1792 53,600 2208
LERB 6,525 336 2,520 133 1,112 60 o _ o 0 0 0 0
3ERB 630 L8 630 - 37 556 33 3 20 0 0 0 0
Lpry shr 36 o 0 0 0 0 0 0 0 0 0
Total 18,126 838 21,000 905 27,800 1170 34,400 1423 k3,500 1792 53,600 2208
Pacific LEWR L hho 191 11,647 L80 16,660  68n 23,630 97h 33,150 1366 7,515 1958
LERB 3,339 - 185 1,946 102 78% I 0 0 0 -0 0 0
3EWB 212 10 k37 - 20 2,156 99 hoiyo o 191 5,850 268 8,385 384
3ERB 81 9 71 u o 0 0 0 0 o -0 0
Total 8,071 - 394 14,100 606 19,600 . 826 27,800 ' 1165 39,000 163k 55,900 ééhz
Latin LEWR 1,971 - 85 8,554 - 352 16,545 - 682 28,046 1193 L2 ,028 1732 62,252 2565
Americs
LERB 5,389 282 3,960 208 3,110 164 0 o} o} 0 o} 0
3EWB 1,572 7L 4,118 . 188 8;335 381 | 14;564 666 zu,!wé‘ 1120 °f 36,248 1659
3ERB 2,380 131 3,168 187 3,110 - 183 2,290 - 135 0 0 o} 0
LETI 257 18 o o 0 0 ) 0 o o 0 o
Lgrp 66k 0 0 0 0 0 .0 0 0 0 0
Total 11,643 - 591 19,800 935 | 31,100 1410 45,800 199l ‘66,500 2852 98,500 Lok
POTAT, 37,840 1823 54,900 2Lh6 78,500 3406 {108,000 Ls82 {1k9,000 6278 208',0'00 87Tk
Overall 0.04818 b.ohhse’ ' 0.04339 0.04243 0.04223 "0.0k219 |
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APPENDIX B

DERTIVATION OF NEW FAR-TERM TURBOFAN ATIRCRAFT

The task described in this appendix concerns the derivation of new,
far-term, fuel-conserving airplanes from the Boeing study, "Fuel Conservation
Possibilities for Terminal Area Compatible Aircraft" (Ref. 9). The Terminal
Area Compatible Aircraft (TAC), as a generic type, uses composite material in
the primary structure, advanced-technology engines, stability augmentation,
and a high-aspect ratio wing with supercritical airfoil sections. In addi-
tion, the TAC airplane includes the following features to improve its fuel
consumption and reduce the delay time associated with terminal area operations:

& Trailing-edge flap scheduling to minimize vortex
strength and permit one~ to three-mile separations
on approach

¢ Adequate takeoff thrust to achieve an 8- to 10-deg
takeoff gradient, and a highe-aspect ratio (12) wing
with 25-deg sweep. The TAC airplane has improved
low-speed aerodynamics, low nolse, and uses less fuel
in takeoff than a conventional alrcraft.

e Rapid deceleration on the ground combined with a
high-speed turnoff capability to reduce runway
occupancy on landing

¢ Powered wheels to allow terminal area compatibility
without the need for towing

~In this study, some of the benefits made possible by these terminal-area-
compatlble featiires- cannot be achleved because: they require system changes
(ATC and ailrcraft-based eqplpment) Whicli-are, not assumed as nominal. There-
fore, the object being to define an advanced alrplane Whlch will conserve fuel
independently of overall system improvements, changes were fade. to the TAC
alrplane as described below. In addition, scaled-up versions were ‘defined
(357 and 512 seats, compared with 201) to provide some flex1b111ty in the fleet
assignment process. The characteristics of these alrcraft are summarized
in the table below:
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CHARACTERISTICS OF NEW, FAR-TERM TURBOFAN ATIRCRAFT

Designation N85-200 N85-350 N85-500
Range (nmi) 3,000 3,000 3,000
Cruise Mach No. , 0.8 0.8 0.8

Takeoff Field Length (ft) 8,300 8,300 8,300
Capacity with 10/90 split (seats) 201 357 512
Gross Weight (1b) 254,200 432,100 528,700

Tnitial Cost with Spares (1973 $) 16.56 x 100 29,00 x 106 35.31 x 106
Engines:

Number i i In
BPR 6 6 6
ST, Static Thrust (1b) 15,200 24,600 29,500

Performance and Economic Characteristics
Block Time

The Poeing estimate for block time incorporated TAC time-saving features
which are not consistent with the RECAT study. Therefore, Boeing's estimate
was increased by nine minutes ‘o be compatible with the expected level of
ATC delays postulated for the mix of airplanes in the study. The resulting
block time equation is

0.45 | R
ty = {0.56 4+ ——— , Hour (1)

where R is in st. mi., and the numbers in brackets refer to 201-, 357~, and
512-seat aircraft, respectively.

Block Fuel
The only adjustment made to block fuel was an allowance for the

additional delay ‘time implicit in Eq. (LY. At a load factor of 58 percent,
the block fuel is given by Eq. (2). , '

(580 1.97 |
Fuel =4 960( + {2.99}; R, Gal (2)
1140 - 3,57
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Operating Cost

The total operating cost of this airplane was estimated based on a
modified 1967 ATA equation,for the DOC, and the Lockheed IOC method using 1973
coefficients. The crew cost in the ATA method was increased by L2 percent to
be compatible with assumptions being used by the other RECAT contractors,
giving $210 per block hour compared with a Boeing estimate of $275 per flight
hour. Other DOC assumptions are listed below:

+ Depreciation - 16 years with 10 percent residual values
. Spares - 15 percent of airplane first cost
« ‘Insurance rate = 1 percent of first cost per year
. Maintenance Labor Rate - $6.,10 per hour
60 percent of the ATA cost per cycle
75 percent of the ATA cost per hour
+ Maintenace burden - 1.8 times the direct airplane and
evgine labor costs
. Utilization - 9 hours per day (assumed constant)

The resulbing total operating cost less fuel is given in Eq. (3).

1576
{1153} {2659

TOC = d1753¢p + 13756 » $/Block~Hr (3)
Less Fuel 2136 _Eg_
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APPENDIX C

DEMAND AND MODAL SPLIT MODELS*

Summe.xry

An innovative transportation demand foracasting
method is presented which is particularly suited to
the analysis of the impact, on travel demand, either
of new modes or of changes to existing modes. The
approach consists of two distinct but related steps.
First, the total demand for travel between two cities
is forecasted; this deménd is then divided among the
competing modes through the use of a modal-spiit
model. Both calculationg are sensitive to the charac-
teristics of the transportation system being analyzed.
The paper discusses the derivation, calibration, and
application of the two models.

Modal-Split Model

Theoréetical Background

The modal-split model divides the total demand
for transportation between two cities among the compe-
ting modes based on the total travel cost of each mode
to the user. This total cost, referred to as disutil-
ity, includes money costs, travel time, and measures of
inconvenience combined into a single gquantity by means
of & value of time. In an ideal situation, with all
travelers evaluating the disutilities of two compebing
modes, Dg and Dy, identically; and basing their decie
sions solely on disutility, the modal split would
appear as in Fig. 1, dll travelers choosing the mode
with the lower disutility. ~In reality, however, each
traveler will perceive the situetion diff¢rently and
the disutilities caleculated by the analyst will repre-
sent average values at best. Consequently, the actual
modal split will be as shown in Fig. 2, a probabilistic
distribution based on the relative values of the modal
disutilities.

SHARE 4
1.0

= o T+
(Da - Db]

FIG. 1 Ideal modal split.

#*Based on techniceal paper, Ref. 25
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FI3. 2 Actual modal split.

Formalization of the modal-split model and extension
to multiple-mode scenérios require that the disutil-
ities be normalized in some way, preferably to-an
appropriate mean, < After some experimentation it was
concluded that this can best be done with a harmonic
mean defined for the n-mode case as ‘

12 2

275 o2
where D;i is the disutility of the i®™M mode. The
harmonic mean represents the overall disutility of
travel, considering allmodes. It is always less than
the lowest modal disutility, but is very near the lowest
disutility if all the other disutilities are much higher.
Without the exponent, it is analogous to the overall
electrical impedarice of several impedances in parallel,
an apt analogy since the traveler ("current") can choose -
any one mode ("impedance") to complete his journey. The
exponent of 2.0 was found to improve the model correla-
tion by keeping the harmonic mean ¢loserto the lowest
disutility. The modal-splitmodel gives the modal share
of mode k as :

: T, ~D

s(a k k) ;
n oD
z [@ (AE:%)]

D

By =

where $(x) is tle cumulative area under the normal
distribution curve, given by

R e gL

= -

and
n
1 1
= ®.L =T
Dk'2 i=l Di
(ihk)

(i.€., the harmonic mean of all modes compebing with

“'k).  The parameter A is & sensitivity coefficient
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determined by regression analysis; its effect on the
modal split is shown qualitatively in Fig. 2, High
values of A result in modal splits more sensiltive to
disutility differences, in the limit approximating the
ideal modal split. Low values of A are characteristic
of less sensitive modal splits; a value of zero would
indicate a completely random modal split independent of
disutility -~ & horizontel line passing through the 0.5
share ordinate.

The above modal-split meodel can be claasified an
an aggregate model since the modal shares are deter-
mined by one calculation involving the average
traveler (i.e., all the travelers are aggregated
together for the purpose of determing the modal split).
In models which employ a disaggregate approach, triv-
elers are divided into groups by trip purpose, income
level, travel party size, ete., and & separate modal
split is debtermined for each group. Since disaggre-
gate models require substantial data both for calibra-
tion and forecasting, as well as more computation, the
aggregate model appears more practical.  However, one
step toward disaggregation has been taken with the
use of separate modal splits for business and personal
travelers. There are three reasons for this breakdawn:
(1) the dissimilarities between business and perscnal
travelers are greahter than for any other traveler
subgroup;. .(2) sufficient data for calibrabion and
forecesting are available, as described helow; and
(3) this type of disaggregation is often desired by

cers. of transportabion furecasting models, -

Definition and Computation of Disutility

Disubility, the basis for the modal-split compu~
tation, is defined as

(trip time) + (trip cost)/(value of time)

and represents the btotal time of the trip including the
time-equivalent of the trip:cost. . (In earlier versions
of the model, disutility was measured-in dollars (cost
+ time x value of time).  The formulation was changed
for compatibility with the demand model, as described
later; -but-the change does not affect the modal- split
model.) Disutility, in hours, is computed on a per-
traveler basis for a one-way trip.  Componsnts of

trip time include intercity travel time, local access/
egress and torminal time, and the time-egquivelent of

_schedule inconvenience, Trip costs include intercity

fare, local access/egress and terminal costs, enroute
meal and lodging costs, and the cost cf local trans-
portation ‘at the destination. - Definition and compu-
tation of each disutility component ara descrlbed
below.

- Intercity travel time ‘is the. terminal-to- .-
termingl time, for public modes, or average door-
to~door driving time; for auto, - Times can-Le taken
directly from schedules for existing modes or calcu-
ZLated for new modes.  In the case of aubo; nonstop-
“riving times taken from tables often found in high-
woy ablases are increased by 10 percent to allow for
fuel, m"al, £ad rest stopg.

Local access/egresa and. terminal times and costs
‘represent the tlme and:cost of getting from the local

origin to and through the terminals of public modes
(and vice-versa at the destination).

Schedule inconvenience is conyerted to an
equivalent time based on the assumption that the
traveler's preferred departure time is independent of
the service schedule, If the service frequency is high,
the schedule Ainconvenience is one~half the average
headway, or (8/F) for F departures spread over sixteen
hours of operation per day. In a low-freguency situa-
tion, however, travelers will probably rearrange their
affairs to accommodate the schedule, and the perceived
schedule inconvenience will be less than (8/F).
Assuming that (1) the maximum schedule inconvenience is
four hours for 1 or less departures/day, (2) 32 depar-
tures/day constitutes high-frequency service, and (3)
schedule inconvenience is a continuous function, the
schedule. inconvenierice time is piven by:

b (Fel)
i (F) = 4/5°-8 (1 <r<se)
8/F (F>32)

This funcvion is shown in Fig. 33 1t has been
empirically verified as part of the modal-s pllt model
calibration,
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Intercity fares can be taken from published data
or calewlated, -Premium fares are not considered
since the amenities purchased with the fare premiim
(wider seats, better meals, prestige) are difficult
$o quantify.  In situdtions involving Ffave discounts,
such as in the current air system; the average fare
paid, rather than the published full fare, should be
used; this results in different fares for business and
personal travelers because of the more widespread use
of discount fares for personal travel., For auto, the
"fare" 1is the operating cost; ‘plus tolls, divided by
travel party size to apportion the total cost amons
those ‘sharing the trip. Since intercity trips are
not -the major use of most automobiles, operating
costs include only mileage-related costs (fuel, tire
wear, repairs and maintenance), omitting fixed owner=-
ship costs such as deprecistion and insurance.
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Enroute meal and lodging costs account for the
extra travel expenses associated with the longer
periods away from home resulting from longer travel
times, Although these costs are more significant
for the slower modes, they are applied to all modes
since any nonzero travel btime increases the likeli-
hood of extra expenses of this type. Even a two-
or three-hour journey will cause some travelers to
spend an extra night away from home; although the
expenses may actualliy be incurred at the destination
rather than "enroute”. Meal and lodging costs are
figured by converting the total travel time (including
access time but excluding schedule inconvenience) into
travel days or a fraction thereof, which is then mul-
tiplied by the meal and lodging cost per person per
day. Because of their smaller travel party size,
business travelers have higher (per person) lodging
costs. For those modes offering complimentary meals,
meal costs are arbitrarily halved.

Cost of local transportation at destination is
included in the disutility of public modes because the
auto traveler bas his own car with him at his destina-
tion. to provide convenient, low-cost transportation,
while the public mode traveler does not, ' The cost of
destination transportation is given by

Opp = Mpp * Rpp x S1/(2Fg),

where Mpp = 1 - Mp X Dp. Rpq represents the daily
vrate for substitute transportation, which is generally
independent of travel party size, Pg, and is therefore
apportioned among the travel party members; Sy repre-~
semts the length of stay at the destination in
days; the factor 2 is introduced to apply half of
the total cost to each one-way leg of the. round
trip, since the total cost is incurred only
once during a round trip; and Mpq represents an
adjustment multiple based on the density of tb: des-
tination city, Dp, expressed in 103 persons/mi2,
The form of Mpp reflects the observation that the
relative cost of not having one's own car for local
travel decreases as the destination density increases,
probably because public. transportation is more plen~
tiful and local travel distances are shorter. In
the extreme (New York), congestion and high parking
fees would make a car a relative burden, resulbting in
a zero or negative wvalue for MDT~ (A negative cost
of ‘desbination btransportation represents an advan-
tage for public-mode travelers relative to auto
travelers, just as a positive value indicates a
relative disadvantage.) The density multiple Mp is
determined in the model calibration described below,
The daily rate RDT can represent.the actual cost
of car rental, taxis, etc. or can represent the
abstract inconvenience of not having one's own- car.
In practice, Ryp is based on rental car costs. ‘Since
‘the daily cost of renting a car generally declines
with the -rental period, Rpp is.a funetion of Sy,
derived from an analysis of car rental schedules.
Rpp is calculated assuming that the car is driven
100 miles per day and crediting the rental .charge .
with the cost of operating the traveler's own car
this distance (i.e., Cryp represents the extra cost.
incurred by not having one's own car at the destina-
+tion. ’
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Model Calibration

The date source for the modal-split model calibra-
tion is the 1972 National Travel Survey (NISY: This is
is a survey of intercity (i.e., 67 straight-line miles
(108 ¥m) or more) travel conducted at about five-year
intervals by the U,S. Census Bureauj in 1972, 2k ;000
households were surveyed and information on 75,000
trips obtained. ' Pertinent data for each trip are stored
as a separate data record on a public-use computer tape,
a copy of whichwas purchased and processed for this
studv. Two of the data elements in each record arve the
trip’s origin and destination cities or Standard
Metropolitan Statistical Areas (SMsA). (ALl trip
records are for round trips, with the origin being the
traveler's residence and the destination:being the
farthest point on the trip's itinerary.) It ir thus
possible to extract data for specific city-pairs.  The
amount of such data is limited, however, by the fact
that many trip origins and/cr dastinations lie outside
SMSA's. Furthermove, the Census Bureau suppresses such
date unless the specific origin or destinabion SMSA
appeared in 400 or more records; thus, only 29 origin
and 26 destination SMSA's, out of a total of 2UT7, are
specifically identified, Twenty-two cities appear as
both origins and destinations, 7 as nrigins only, and
4 as destinations only; a total of 7964 records had
both the origin and destination SMSA identified.

Twenty-five city-pairs were finally selected for
inclusion in the calibra*ion data base; each had at
least 20 trip records reported by at least 10 different
households in each travel category (business and per-
sonal). The total number of records for each city-pair
varied from 51 to 383. Although in most cases the data
cannot be considered a representative sample for each
city-peir, it is assumed that a model calibrated against
the behavior of a subset of travelers based on the
specific characteristics for that subset will correctly
predict Lhe behavior of all travelers when provided with
the appropriate general characteristics. As would be
expected, 17 of the 25 city-pairs lie within the
densely traveled Northeast and California corridors,
and most of the rest are under 500 miles (800 km) apart.

The specific data extracted from the data tape for
each city-pair included business/personal fractiong of
total travelers and separate values of dverapge party
size, length of stay at destination, air share, and
value of time for business and for personel travelers.
Value of time was calculated as follows:

(Annual Household Thcome/2086) /(Travel Party Size) for
business travelers

(Annual Household Income/2080)/ (Household Size) for
. ‘personal travelers

The ‘factor 2080 cohverts annual iricome into an hourly
rate (52 forty-hour weeks). The use of travel party

‘size for business travel in determining per-person

income is appropriate since a principal wage earner
‘is probably -included in a business travel party. gince
this is not necessarily true in the case of personal
travel, income is appe-tisned among ail the members of
the household.. Appropriste data describing the 1372
modal characteristics were also collected for these
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city-pairs, including: air, bus, and rail fares; travel
times, service frequencies, and access data; and auto
driving times, distances, and tolls. AlL of this infor-
mation was used to calculate disutilities, whichwere then
used to calibrate the modal-split model egeinst the air
share data. (Only air shares were used because; in
general, bus and reil shares are too small to be stabis-
tically reliable; as a result, the auto share is
approximately (1 - air share) and is therefore redun-
dent.) Oversll air shares varied from O to 89.5 per-
cent. Several of the assumptions and procedures used
in the disubtility caleculation, as described above,

were varied to test their correctness. The results

are sumnerized below.

1). ‘The determination of value of time described
#bove was verified. Although a slight improvement in
the model's accurscy was obtained when business values
of time were increased, the improvement was not signi-
ficant enough o justify values of time higher than
those already used.

2) vValues of Mp (multiple of destination-city
density in the cost of destination trensportation)
of 0,050 Ffor business ‘travelers and 0.025 for personal
travelers were obtained. The value of Mpp is thus
40,65 ‘for Los Angeles and ~0,32 for New York for busi-
ness travelers; corresponding velues for personal
travelers are+ 0.825 and +0.3l4. - This difference
indicates that business travelers are less
inconvenienced Ly the lack of an aubtomobile, particu-
larly when traveling to relatively dense cities., A
probable explanation is. thet business travelers are
more likely to visitthe central city area where public
transportation is wmore convenient and one's own car is
more likely to be & liability. To the extent that the
local transporbation cost biases the modal split towards
auto, the higher value for personal travelers could
serve as a surrogete for an unguantifisble preference
for thakb mode.

3) Although the sensitivity coefficient for per-
sonal trevelers tends to be higher than for business,
equality can be forced with negligible loss of accuracy.
A valvue of 4 = 1,60 was obtained, resulting in a' stan-
dard error (o) of 9.8 percent in the estimated air
shares and a correlation coefficlent (Rz) of 0,85,

When only two modes ave involved, the modal-split
model reduces to

Sl = & [A(_l‘- Dl/Dz) Y (DE/D]_)‘ * l]

and

52 = l—-sl.
The share of mode 1 as a funchion of the disubllity ratio
(D1/D,) is shown in Fig. 4. The modal split is fairly
sensi%ive to this ratio; a 20 percent increase in (Dl/Dg)
Prom 1.0 to 1,2 reduces the share of mode 1 from 50 per-
Gefit to 3k percent, while a 20 percent decrease (to 0.8)

increases the share to 70 percent.
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FIG. 4 Modal split for two modes (A=1.6).
Model Application

In order to apply the modal-split model, it is
necessary to know various traveler cheracteristics for
each city-pair, including travel party size, value of
time, length of stay at destindtion for both business
and personal travelers, and the overall business/per-
sonal fractions, Party size is needed to compute the
per-traveler cost of local destinati-n transportation,
enroute lodging, and intercity auvto "fare"; length of
stay at destination is also reguired for the destina-
tion transportation cost; ani the need for value of '
time is obvious. The businesrs/ personal frattions of
tolal travel are used to combine the separate modal
splits into an overall modal split for the city-pair.
As indicated above, a sufficient quantity of data to
determine these characteristics with statistical sig-,
nificance is avallable for very few ¢ity~pairs. Con-
sequently, for most city-pairs it is necessary to use
appropriate average values derived fromanalysis of the

NTS data,. Since forecasts are made for oity-to-city
travel, it was decided to include in the calculation

of these asverage values only those NTS data records
which indicate both origin snd destination as being
in ain SMSA.

Travel Party Size.  An analysis of these Tecords
showed that the average travel pavty size depended
mainly on trip purpese; there appeared to be little N
if any, correlation with trip distance or traveler
income. The average party size, Pas is 1.4 persons
for business trips and 2.8 for personal.

Value of Time. The average value of time, computed
as described ebove, was found to be $2.11/hotr for
personal travelers and $7.58/hour for business travelers,
Since the average per-capita income for all SMSA's in
1971 (the time period reflected by the NTS income data)
was $45C8/year, or $2,17/hour based on 2080 hours/year,
the value of time is about 1.0 times average income
fo‘;‘ persqnal travelers and 3.5 times average income
for business travelers. These paramebters are called
value~of-time multiples and. can be applied to the per-
cgpita income of any particular SMSA, as forecasted
for any year, o obtain appropriate values of time.

The higher multiple for business travelers reflects

" both the different conversions between household

income and value of time and the tendency for business

-~ travelers to have higher incomes than personsl travelers.
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The value of 1.0 for the personal traveler value-

of-time multiple is not a definition but a coinci-
dence. In actuality, those with higher incomes travel
more; so that the average personal traveler has a
higher income than the population in general, However,
income data included in the NTIS and reflected in the
modal-split model calibration are as stated by the
survey respondents, while income data and forecasts
for SMSA's are computed by economists. The latter
aata include income which most people would not con-
sider, such as employer-paid insurance and pension
benefits and the potential income of owners' equity
in their homes, and is thus higher than survey data.
By coincidence, these two effects cancel each other,
so that the average value of time for personal trav-
elers is the same as the averuge per-cepita income.

The effect of substantially higher values of time
for business travelers is to make faster, higher-cost
modes, such as air, more abtractive to them relative
to slower, lower-cost modes, such as auto. This
is reinforced by the smaller party size for husiness
travelers, which causes their per-person auto operating
cost and enroute lodging cost to be higher, and by
their lower perceived cost of not having a car at
tlieir destination. fhus, forecasted air shares are
nigher for lmsiness travelers than for personal
travelers. The ssme phenomenon also occurs in the
analysis of other fast, high-cost, modes, such as
V/STOL or high-speed reil.

Tength of Stay at Destination. The length of
stay ab destination (nuwber of days) was found to
depend upon both trip purpose and trip distance as
shown in Fig. 5. Business trip lengths increase
with distance to a maximum of 6.9 days for distances
of more than 1300 miles (2090 km). Yersonal trip
lengths reach a meximum of 14,6 days for distances
of 2000 miles (3220 ¥m) or more. The apparently
excessive business length of stay probebly results
from the inclusion of only the major trip purpose in
the National Travel Survey data. Many combination
business/pleasure trips are reported as business
trips (as indicated by the presence of family members
in the travel party), thereby inflating the average
business stay length when compared to trips whose
sole purpose is business.
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FIG. 5 Length of stay at destinabion.

183

Business Fraction. The business fraction of
the total travelers for a particular city-pair was
found to be a function of both distance and the
cities involved., Since the business fraction varied
so much from city-pair to city-pair, it was decided
to incorporate data for specific city~pairs whenever
possible. Thirteen of the 25 city-pairs used-in the
model validation were judged to have a sufficient
number of records (100 or more) reported by a suf-
ficient number of different housekolds (35 or more)
to provide meaningful business fractions. When data
for these city-pairs were removed, it was found that’
the business fractions for the remaining city-pairs
could be represented by

0.1h49

®, = 0.
TBon 0.127 4 X B ® By

where @ is the city-pair distance in statute miles,
and Fg and Fp are origin and destination city correc-
tion fachors. . The uncorrected business fraction,
(FBOD/FOFD), is ghown in Fig. 6. Note that Tp,4 #
FB.i; consider, for example, WNew York - Miami. Co
Sii:r]lllarly, Fof Tp for a particular city considered es
botn origin and destination. gufficient dats were
sveilable to caleculate unique correction factors for
17 origins and oh destirations, including 15 cities
for which both Fg and Fp were calculated.  All other
values of Fg and Fp are wnity. Values of Fy range
from 0.86 (Cleveland) to 1.39 (Boston); and. Fp from
0,30 (Honolulu) to 1.50 (Atlanta). .
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FIG. 6  Uncorrected business fraction of total travelers.

It is apparent that the disubility compubtabion
for a traveler having origin i and destination j (f.evs
an i-j-i round-trip traveler) is different. than the
disubtility for a j-to-i traveler (i.e., j-i-i round
trip). There are three differences: (1) ‘the origin
city average income -used in computing the velues of
time; (2) the destination city density texm in the
dost of destination trensportation; and (3) the busi-
ness frection correction factors. ~Thus; there-is. &
total of four sebs cf disubilities and four modal
splits for each oity-pair (business and personal for
esch direction).  The ‘overall city-peir demand for a
particular mode is fornd By combining the business
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and personal modal shares for one direction into an
overall share and then applying this share to the
directional demand. - (See the following discussion
of the demand model.) The overall share of mode i is
given by .

83 = PgSp; + (L - Fg) Spy»

where SBi and Sp, are the shares of the business and
personal travelers selecting mode i, and Fp is the
business fraction of the totel travelers, This pro-
cess is then repeated for the other direction and
the two directional modal demands are added together.
Another consideration in disubility computation is
that btraveler characteristics for the city-pair as
a whole are used rather than those for a specific
mode. Thus, for exemple, the same party size is
used in computing the disutilities for all modes,
even though the travelers choosing auto will tend
o have larger parbty sizes. This equivalent size
is used so that ali modes will be eveluated on a
common basis with respect to the average traveler.

Reliance on traveler characberistics extracted
from the 1972 NTS for forecasting fubture years natu~-
rally leads to the guestion of whether these charac-
teristics change with time., Data from the other three
National Travel Surveys -- 19572, 19633 , and 19674 -
were anslyzed in an attempt to answer this question.
‘Unfortunately, the four surveys are not strictly com-
parable since each used different definitions, ques-
tionnaire phrasing, and sampling methods. Since the
older surveys are available only in summary report
form, it is not generally possible to extract consis-
tently defined data.

Data for size of the average travel party (busi-
ness and personal), business traveler fraction, and
length of stay ab destination from the four surveys
were compared. The travel party sizes and business
fractions' weré virtually identical after adjustment
for incongistent definitions. Length of stay at
destination did show a moderate decline in the 1957-
1972 period; however, it is not clear that the trend
can be extrapolated into the future. Furthermore,
the available data are for all travel; data for travel
between SMSA's are available only for 1972.  In -
summary, there are insufficient data %o forecast fubture
values of the traveler characteristics used in the
modal-split model. Since the 1972 data are the best
available, and since there is no indication of sub-
stantial variation:z over a fifteen-year period, it
is reasonable to use 1972 values in forecasting
fubure years.

TDemand Model

Theoretical Background

The demand model forecasts the total {i.e., via
all modes) demand for transporhation between two
cities. Many attempts to predict travel demand bebween
twa poiﬁts have evolved from gnalogy to the expression
for the gravitational attraction between two bod'es:

Tn' the kransportabion demand enslogy, populations of
the interacting citles are anslogous o the masses of
atbracting bodies, and the distance is. taken .as the

18k

impedence to trevel. Thus, the clessical Naravity"
model for trevel demand Qi;] is:

Qi = —
d
where Qij is the mimber of travelers per year between

cities 1 and j; Pj end Py are the populations, and d
is the distance betwesn the cities. K and o are empir-
ical constunts determined from regression analyses of
historical data. In the transportation context it is
not necessary thet the exponents of P; and Py should
pe unity,; snd it is clear that, if P; and Py are used
to represent the potential for travel interactions,
come situations will require & representation of this
potential by Tactors other than the population. itself.

One might expect that the gravity model would
yield & reasonably consistent representation of total
demand in ‘s relatively homogeneous medium such as the
domestic United Stetes. However, in most cases where
analysts have tested for coefficient repeatability,
they have been disturbed by the instability of the
coefficient K.  That is, this coefficient as derived
from regression analyses of historical data is very
volabile in its value with respect to the choice of
date points selected. This coefficient instability
of the classical gravity model leads one to suspect
the validity of bthe model. ‘A clear illustration of
this coefficient instability is an order-of-magnitude
discrepancy betseen the regression lines for travel
demend in the Californis Corridor in 1960 and the
Northeast Corrddor in the same year”. Conceivakly
this conld be waused by differing per-cepita travel
habits. However, an examination of the statistics
in various U.8. Travel Surveys indicates that the per-
capita travel levels in California are only about 50
percent higher than in the Northeast.

The reasor for this discrepancy; which was first
postulated and later validated, appears to be related
to the number: cf travel choices availsble. Given
s ressonably ccnsbant propensity to travel, as noted
woove, the triy demand between two centers having a
given travel attraction (product of populations) will
very depending on the number of alternatives available.
As & result of the availability of many other trip
opportunities {other cities), travel between two
cities in a dense region will be much less than the
travel between two other cities (having the same
travel propensity as measured by population and disg-
tance) in a sparsely sebtled region.

Thus, the simple gravity model, as stated, will
not be generally true, but an improved "n-body™
gravity model can be derived from it. To do this, it
is assumed that the basic gravity model, while inca-

‘pable-of measuring the absolute level of demand for

& clty-pair, can ve used to measure the relative level !
of demand. . Thus, the fraction of the bobal trips
originating in eity i which is attracted to ity j is
given by . [ )
S albhy e b
. Q4 ragy Py Pa /Dy Ayg Py /oy (1)
o e i = . 1
85 T & b © ?
5 B S(eA P, /D “) Z(A B /D °)
¥V ik i ko ik k\ ik ko ik
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where the form of both the numerator and denhominator
(summation) is analognus to the gravity model. - The
sunmabion in the denorinator is called the n-~body
term and represents the demand dilution due to alter-
native destinations. In practice, it includes all
cities- among the 247 SMSA's defined by the Census
Bureau which are more than 67 miles (108 km) from the
origin, This minimum distance_defines intercity travel
in the 1972 U.S. Travel Surveyl and is used to elime
inabte from consideration commuter-like travel between
very close ciby-pairs such as Baltimore-Washington
and New York-Newark. An attraction factor Ajj, uni-
gue to each city-pair is used to quantify the non-
population characteristics of city j which attract
travelers from city i; it is especielly important
for destinations such as Miami and Las Vegas. When
attraction factors are used, the model coefficients
need not sccount for large city-pair to city-pair vari-
ations in demand, thereby improving the accuracy of
the model for more typical situations. In the above
expression, distance has been replaced by disutility,
Dijs which is 'a more accurate medasure of impedance
to travel. The disubility term, Dij, is calculated
in the modal-split computation and is the harmonic
mean of the disutilities of the compebing modes.
Since two harmonic means are calculated: for-each
city-pair (for business and personal travelers) an
average value weighted by the business/personal
traveler fractions is used in the demand model.. The
exponents b and c are wiversal constants to be deter-
mined by regression analysis to historical data,

Gompletion of the demand model derivmtion requires
an expression for the total number of trips to all
destinations originating in city i. This demand is
postulated to be :

a

=~

Py
E Qik = a

i

(2)

=3

where K, a, and d are universal constant determined
via regression analysis. . The average disubility
nf a trip originating in city 1 is 5&, which is
given by :

- a
(P P )
=4 _k\ ik ik Y
Dy = A (3)
k- ik

From Bq. (1), the above definition can be rewritten
as :

()

which is more readily computed. The average disutility
term, Dy, causes the total demand to be sensibive to
changes in the overall disutility of travel. System-
wide changes, such as a change in the air fare

structure, will affect the total level of travel. On
the other hand, a disutility change affecting only one
city-pair (i.e., a change in Dy ), while having a mini-
mal impact on Dj and hence on total demand, will alter
the dlstrlbutlon of the demand, as shown by Eg. (1).
Although income does not explicitly appear in Eq. (e),
it is a component of disutility; hence, an increase in
income levels will reduce the average disutility (by reducing
the time-equivalent of the trip cost), thereby resulting
in-an increase in total travel. Because of this effect,
an income term in the total demand expressicen is unneces-
sary; also, the relatively high correlation between
population and per-capita income can cause statistical
difficulties when expliecitly including income.

The final form of the demand model is found by
combining Egs. (1), (2), and (h),

5 a b [}
3 KPS ARy /niJ
o537 T b/n ¢ ()
i P (T )
oy )
‘ b c
cepa B Py /P
Gy TR Fop o (6)
o
k( ix Tk )

The above expression gives the number of travelers

originating in city i and having destinations in city
J (i.e., i-j-i round trips). A conpletely analogous
expression- can be written for Qji, the number of j-i-j
roind trips. However, from the definition of attrac-
tion factors it is clear that Aj; does not necessarily
equal As 53 also, in the modal-split model discussion
it was pointed out that Dji does hot equal Dige The
total demand for travel between i and j, in terms of
round-trip travelers, is given by

g =G5 " Q

The total flow of passengers is 2q, since each round-
trip traveler makes two one-way trips. )

Model Calibration

Calibration of the Jemand model requires demand
data for a reasonable number of ciby-pairs, preferably
spanning several years, Auto demand data are generally
unreliable and exist for only a limited number of short-
haul markets., However, air demand dats are both abun-
dant apd reliable due to the CAB's Origin-Destination
Surveys-which is based on a 10.percent sampling of all
airline tickets.  Consequently, it was decided to esti-
mabe total demand data by dividing air demand data by -
air shares as caleulated by the modal-gplit model.
Althongh this- introduces errors into: the data basyy
these are minimized in the case of long-haul city-pairs:
Since long-haul. air shdares are known to be large, modal-
split estimation errors have a relatively small effect
on the total demand estimate. “With this approsch,
total demand daba were obtained -for a much larger
variety of distances, reglnns, and years than was pre-
viously pors1ble.
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The years selected for the demand model calibration
were 1,8, 1966, and 1972, These years span the tran-
sition from propeller to jet aircraft on domestic
routes, a period marked by a large growth in air travel
resulting from a substantial reduction in travel dis-
ubilities. By calibrating the model against a wide
range of input data, its validity in making long~-range
fubure forecasts is enhanced. Also these three parbic-
ular years lie close to the 1954-197% growth trend
line. The top ranked eighty-four city-pairs (by air
passenger-miles) were selected; they range from 182 to
2716 miles (293 to 4375 km) in distance and had 1972
air demands varying from 28,000 to 2,800,000 round-
trip travelers. Collectively they accounted for 46
percent of the total 1958 air passenger-miles and 37
percent of the air origin-destination travelers,
declining to 32 percent and 31 percent, respectively,
in 1972, Individual average, annual city-pair growth
rates during the 1958-1972 period veried from I per-
cent to 15 percent, compared to a domestic average of
10 percent. The demand model calibration data thus
include & broad cross-section of the domestic travel
marketb.

The modal characteristics for each city-pair were
obtained for each year from appropriate issues of the
Official Airline Guide, rail and bus schedules, highway
atlases, ete.; the modal-split model was then used to
calculate the disutilities and air shares.

As may be expected, calibration of an expression
as complex as Eg. (6) is not straightforward. As a
stert, BEq. (6) is rewritten to simplify the right-
hand side: '

Y5 g el | -kp®r®p °

Aijk(ikk ) S T % (7)
Assumed initial values of the attraction factors and
the model parameters b, ¢, and d, along with air demand
and population data and cslculated disutilities and
air shares, are used to compute the left side of Eq.
(7). Taking the logarithm of each side of Eq. (7) per-
mits the use of a standard multivariable linear regres-
sion computer program to compute those values of X, a,
b, and ¢ which minimize the standard error of the 252
dats points (84 city-pairs for each of three years).
Equation (7) can be rewritten to solve for Aiy; hoy-
ever, although there are two attraction factors for
each city-pair, only the combined air demsnd is
availsble, To obtain a unigue solution, it is

assamed that the abtraction is either equsl in both
directions (1‘, = A i) or entirely unidirectional

~(A Vorhss ® ﬂ. The' former assumpbion is appli-:
cabie for mos% city«pairs while the latter is appli~
cable mainly when cne city is a resort. BSince atbrac-
tion factors are obtained for each city-pair for each
of three years, a geomebtric msan of the three values
is computed for each rity-pair. Using these new
values of attraction factors and exponents, the left
side of Eq. {7) can be re-evalugted and the entire
process repeated; thin is continued until the model

" coefficients converge; which usually requires no
“more than three or four complete tycles. Since the
exponent & daes not sppear on the right side of Eq.

(7Y, the entlre regression analysis must be repeated
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for various values of d until satisfactory results are
obtained.

Computation of the summation term in Eq. (5) or (7)
requires knowledge of the attraction factor A;y and
travel disutility Djj between the origin SMSA end all
other SMSA's more then 67 miles (108 km) distant.
Although these are known for some city-pairs, it is
obviously impossible to collect all of the modal data
necessary to calculate Ajy and Dy for the remaining
city-pairs. In these instances, Ay is assumed to be
unity while Djj is estimated from nominal modal charac-
teristics expressed as functions of distance.

The model coefficients determined from the calibra-
tion are: K = 1009; a = 0,90; b = 0.75; ¢ = 1.15; and
d = 1.85. The corresponding correlation coefficient
(R2) was 0.99 vwhile the standard error of the 252 data
point estimates was 15.6 percent. Aggregate errors
(ive., errors in estimating the total 84 city-pair
air demend) were +0.8 percent, -1.} percent, and +l.7
percent for 1958, 1966, and 1972, respectively. Overall
agoregate error for all three years was +0.5 percent.

The very high correlation coefficient and very low
ageregate errors indicate a good representation of the
air demand data. Part of this is due to the existence
of a separate abtraction factor for each city-pair;
however, since there are three data values for each
city-pair (one for each year) and only or.: attraction
Tactor, there are still modeling errors.  The standard
error is considerably higher than the aggregate error,
indicating that the error in forecasting the total
demand for a network of city-pairs is likely to be
lower than the error for each individual city-pair.

The generality of' the demand model was tested by
significantly reducing the size of the calibration data
base (either the number of city-pairs or the time
span of the data) and recalibrating the model. The
coefficients did not change significently. This finding
lends support to the application of the model to city-
pairs and time periods beyond the calibration base,

As exsmples of the results obtained with the
demand and modal-split models, data are presented in
Table I for three important city-pairs teken from the
demand model celibration dete bazse. Washington-New
York and New York-Los Angeles are, respectively,’ typi-
cal short- and long-distence higher density city-pairs;:
while San Francisco-Los Angeles is & unigue situation
chosen to illustrate the power of the models, . The
costs, disubilities, and air shares shown in Table I
are averages for business and personal travelers.

These averages were calculated specifically for this
presentation; ordinarily, separate costs, disubilities,
and modal shares are caleulated for each travel purpose
category, as explained in.the discussion of the modalw
split model. Between 1958 and 1972, the constant-
dollar total cost of an air trip, reflecting changes
in the air fare structure, rose for short trips and
fell for long trips. In California, however, the intro-
duction oflow-cost; Intrastate, air carrier servize
resylbed -in a sharp drop in air fare on the 8.F.-I.A.
route. In terms of totel alr time, the change from
propeller to jebt aireraft resulted in a substanbial
reduction on long routes, bub only a modest reduchtion

REPRODUCIBILITY OF Tiit'
ORIGINAL PAGE IS FOOR
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TABLE I

DEMAND AND MODAL SPLIT MODEL RESULTS

Washington - san Francisco-  New York -
New York Log Angeles Los Angeles
1958 1g72 1958 1972 1938 1972
Distance - Miles vkm) 206<331) 335+539) 2453-(3947)
Totel Air Cost - 1970% 2h 29 L5 35 205 168
Total Air Time - Hours 3.2 2.9 k.5 3.2 11.5 8.2
Air Disutility - Hours .7 115 ep.2 - 12.8 88.3 k9.7
Mean Disutility - Hours 7.0 5.5 10.9 8.1 70.0  43.4
Air Share 28% 29% 26 60% 7% 93%
D; - Average Disutility - Hours 20.7 M7 35.1  23.0 20.9 15.2
Q5%/Py - Trips/Capita 1.7 3.1 0.6 1.3 1.4 2.5
Fij 0.165 - 0,142 0.457 0,435 0.007 0.010
ALT Demand - 103 Round Trips - Estimated 342 783 koo 2666 195 502
- Actual 357 620 4o8 - 2796 19k - 552

# Tneluding fare, sccess, meals and lodging, and destination-transportation cosbs.

on short routes where access time 1s often greater than
vlock time. In the c¢ase of 8,F.-L.A.; however, the
introduction of service at satellite airports in both
cities had & significant impact on access times, con-
tributing to & sharp drop in tobal air time. The air
times and costg are combined using the appropriate
values of time which reflect income incresses from
1958 to 1972, to obtain - the air disubilities in
Teble T.  Air disutility reductions for S.F.-L.A.

(42 percent) and N.Y.-L,A. (k& percent)are more pro-
ticuniced than for Wash.-N,Y. (22 percent) where rising
air cost partially offset the drop in. air time and
the increase in value of time. The harmonic mean
disutilities shown reflect the improvements in other
modes -- faster auto and bus times, lower costs rela-
tive to ineome, Metroliner service for Wash.-N.Y.,
ebc. Application of the modal-split model resulis
in the air shares shown. 1In the case of Wash.-N.Y.,
air improvements are offset by improvements in the
other modes, resulting in little chenge in the air
share, a typicael short-haul situation. "On the other
hand, & dramatic increage in air share occurs in the
5.F.~L.A, market, where the greatly improved intra-

" state carrier service has made air the dominant mode.
Although substantial air improvements also occurred
for N.Y.,-L.A.; the effect of approaching saturation
(i.e., modal shares:can never exceed 100 percent)
1imits the increase in air share.

The average disutilities shown -in Table T are for
all trips originating in the first-named city of each
peir; they reflect the modal improvements and income
iricreases discugsed above, showing about 30 percent
decline from 1958 to 1972.. The higher values for
San Frahcisco, compared with Washinghon and New York,
are consequences of the longer averape travel dis=
fances prevelont outside the Northeast. " The reduc-
£ion in aversge: disutilities results in the increase
in travel propensities (trips per capita), It shounld
be emphasized that the demand model ig. for SMSA-to-
SMSA travel; therefore, the travel propensities shown
are for travel to atherSMSA'sohlyﬂ San Frahclscans
do not travel less, bub many more of their trips are
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to non~SMSA destinations. The term Fij represent:s

the fraction of the total trips originating in city i
which is attracted to city j. The three-fold differ-
ence in values betwsen Wash.-N.Y. and S,F.-L.A. reflects
the n-body effect; Sen Franciscans have few nearby

SMSA bravel alternatives and, as & result, & large pro-
portion of their trips are abtracted to Los Angeles,
The decline in Fij for the two short-haul situations

is due to the fact that the changes in the alr trans-
portationsystanbetween1958 and 1572 caused a larger
decline in long-haul disutilities than in short-haul.
As aresult, a greater fraction of travel is sttracted
to more distant destinations, as indicated by the large
reletive increase in Fyy for N.Y.-L.A.

The combined results of the demand and modal-split
models give the estimated air demands shown. compari~
son with the actual data shows that the models have
reproduced these three very different gyowth patterns
quite well. The model estimates shown in Table I coma
directly from. the demand model calibration and reflect
attraction factors calculated from data for a'l three
years. - Thus, "forecasts" of 1972 based solegon 1958
attraction factors would show larger errors. Also,
errors in modeling a future scenario (populations,
incomes, modal characteristics) would result in fore-
casting errors not reflected in these examples.

The three examples presented in Table I display
markedly different growth rates in air demand.  The
factors influencing the demand for travel via & speci-
fic mode  in & particular market are discussed belov.

Population, of both origin and destination cities,

‘directly affects total demand through the demand model.

Demand does not inerease as rapidly as origin popula-
tion (i.e., the exponent "a" iy less than 1.0} because,
in & larger city, intracity trips resemble short inter-
city trips in terms of disutility and because more of
those needs which are potential causes of travel can be
satisfied locally.
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Tneome influences demand through disutility in
three ways: (1) rise in income level will cause the
average trip disutility (ﬁi) of the origin SMSA to
fall, thereby increasing the total amount of travel;
(2) by lowering the time-equivalent of travel cost,
an increase in income will increase the atbractive~
nesc of more expensive (longer) trips relative to
less expensive (shorter) trips, causing a larger por-
tion of hotal travel to be drawn to more distant des-
tinations; and (3) within each city-pair the faster,
more expensive modes {air, high speed rail) will
pecome more attractive relative to the lower-cost,
slower modes (aubo, bus} when incomes rise, and their
market shares will increase.

Modal characteristics influence demand through
the same three mechanisms as income, since the Swo
ave combined to form disutility. Changing the modal
characteristics for a parbicular city-tair will alter
the modal split, directly affecting gach mode's demand.
Furthermore, the change in the mean disutility will
meke a particuler destination more or less attractive
relative to others, thereby increasing or decreasing
the fraction of the origin's total travel (Fi,j)
attracted to it. Finally, a general change in the
air or suto mode will cause the average trip dis-
utility (By) to change, sbtimulating or depressing
the total level of travel.

Model Tmplementation and Application

Computer Program Structure and Usage

The modal-split and demand models form the basis
of a large transportation simulation and forecasting
computer progrem. This program has been applied to
8 number gi‘ corporabe- and government-sponsored
studies7’ ’9, including studies of VIOL, STOL, RIOL,
and high-speed raill systems, and studies. of the
impact of possible future changes in the CTOL sys-
tem.  The following paragraphs. describe the typiecal
forecasting procedure.

1, Program construchion. Various subroutines
are compiled and assembled to form an executable pro-
gram element, Tneluded in the package are the SMSA
popilations and incomes for the specific years to be
forecasted, which are aubomatically extracted from the
SMSA data base. This date base contains population
and income data for all SMSA's for a number of past
years, as well as forecasts Tor future years prepared
by the Bureau of Economic Analysis of the U.B.
Commerze De, artment. Also contained in the data
pase ore density dabta for compubabion of the cost of
destinatiun trausportation and longitude and latitude
data uged for interclty distance computation. Since
geveral adjacent SMIA's sometimes share the same air-
port{s) and thus constitute a single eir market, it
1o necesgary to combine these individual SMSA's inte
a larger entity.  Exomples are New York/northeast
New Jersey (b SM3A's)/Fairficld County (¢onn.}; Los
Anjteles/Anaheim/Biverside; and San Francisco/gSan
Jose. ’
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2. Program initialization. Model parameters,
the ciby-pair list, base-year modal dats, and actual
base-year demands (total or for a particular mode) are
yead from a specially prepared date file. Individual
city-pair sttraction factors are computed from the
base-year data, as described in the section on the
demand model. This involves computation of the dis~
utilities and modal shares for the base-year followed
by iterative use of the demand model until the errors
Yetween estimated and actual demand are sufficiently
small. Since the attraction factors are velid as long
as the base-year data are nob changed, the attraction
factors are saved for future reuse without recalcula-
tion.

3. Disubility and modal-split computation., The
disutilities for each mode are computed for the first
forecast year. Usually, baseline modal characteristics
for each year are stored in data files and read prior
to the disutility computations; only changes from the
previous year are needed, Any deviations from the
baseline required for a particuler run are read sepa-
rately after the baseline data. As discusged in the
section on the nodal-split model, the four sets of
disutilities computed for each city~-pair--one for
each trip purpose (business, personal) and for each
direction-~form the basis for four modal splits.
Using the business/personal traveler fractions, the
two sebts of modal shares and two harmonic mean dis~
wtilities for each direction are combined into average
values. In cases where a mode is not available for
all eity-pairs (e.g., rail) or when its share would
be negligible (e.g., bus or rail on long-haul routes),
a mode can be omitted from the disutility and modal-
split computations for the appropriate city-pairs.

L. Demand computation. The total demand is
computed using the demand model and the mean dis~
utiiities from the modal-split computation. The n-
body term, althowh requiring substantiel ccompubtation,
need only be calculated once for each individual city,
regardless of the mumber of city-pairs in which that
eity appears. Appllcation of the modal shares to the
total derand gives the demand for each mode.

5. Mode adjustments. It is often desirable
that modal characteristics reflect the demand for that
mode. . For example, service freguency can be matched
4o demand to give a ressonsble load factor; fares can
be adjusted to yield a specifilc return-on~investment;
vlock times can be adjusted to reflect terminal conges-
tion resulbing Trom the frequencies reguired fo serve
the demand; etc. Onece the characberistics of a mode
have been chanped, it is necessary to repeab steps 3
and l (disubility, modal-split, and demend compubal-
tions} to account for the impact on demand. Thus, the
forecasking process is iterative; steps 3, by and 5
are repeated untll convergence, which usuglly requires
between three and seven cycles. Once convergence has
been reached and the forecast completed, new dabe are
read for a new forecast yesr, or for a different
scenario for the current year, and the enbire process
is repeated,

Although the foracasti‘ng procedure involves sub-
stantial compufsiion, the amount of computer time
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required is not excessive due, in part, to careful
programming and the use of several computational short-
cubs.

Model Application Considerations

Many modal-split models, including the UTRC model,
are susceptible to the so-called "red bus/blue bus”
problem, That is, when one mode is subdivided into two
modes, the two components will have s combined share
larger then the.original mode. This occurs even if the
division was mede on an arbirtary Lesis such as vehicle
color and despite the fact that the component modes
have lower service frequencies, and therefore higher
disutilities, than the original mode, This is not
necessarily a weakness of the model, however. It could
be argued that a new travel service would attract more
tpavelers if it were perceived an o distinct modal
choice rather than an addition to znother mode. As &
separate mode it would be vonsidersd by all travelers
on -the came basis as the other motes, while as part
of an exisbing mode it would only be considered by
those travelers who first selected that mode. Even
though the new travel service would enhance the
existing mode and increase its market share, the
demand for the new service would probably be less than
for & separate mode.

'Mhis phenomenon can cause difficulties in
selecting the approach to be used in the analysis of
new modes. TFor example, when a new air mode, such- as
YTOL, STOL, or RTOL, is introduced in a market already
served by CIOL, it can be treated as a separate mode
or as part of the alr mode., In the former approach,

a single-stage model split is calculated for all modes
(auto, bus, reil, CTOL, V/S/RTOL); in the latter, a
four-mode modal split (auto, bus, rail, air) is fol-
lowed by a two-mode split (CTOL, V/S/RT0L) of the air
share, resulbing in lower CTOL and V/S/RTOL shares.

A third approach is to perform both the single-stage
and two-stage modal splits and average the results.

In past studies, either the two-stageor average method
has been selected because they are more conservative;
anslysis as separate modes is probably appropriate
only for truly new modes, radically different from
any existing mode. :

Tn the two-stage method, the characteristics of
the composite mode (air) are synthesized from those
of its components (V/S/RTOL and CIOL); service fre-
quencies are added together vhile fares and block
bimes are averaged, using fraquency as a welighting.
Special ~ccess values are used which consider all of
the terminais of both modes, theveby resulbing in
access as good as or betber than either component.
The. composite-mode ‘disubility should be lower than
either of the component disutilities because the com-
‘posite mode offers additional travel .choices beyond
either component mode. ‘The composite-mode disutility
calculated as described in this wey is usually lower
than either component disutilily, due to improved ser-
vice frequency and access. Exceptlons occur when
one component has a high fare or block time relative
to the obther; in' these instances the calevlated dis-
ukility is ‘feplaced by the lawer component~pode. dig-
ubllity. :
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APPENDIX D

BENEFIT/COST ANALYSIS

Definition of Costs and Benefits

The usual costs associated with. transportation are user costs (fare) and,
occasionally, passenger time costs as quantified by a value of time., However,
many other costs can be identified which may be referred to as "common costs."

Common costs include, of course, environmental and resource costs, whewe
a prime example of the latter is energy consumption. Another common cost
would be government spending not recovered in user fees. Common costs. are
viewed as being distinct from individually perceived costs inasmuch as it is
expected that the vast majority of individual travelers will continue to meke
their decisions primarily on the basis of out-of-pocket costs, the time
reguired to make the trip, and elements of personal convenience.

Common costs will be most strongly influential in the attitude of the
public at large, including those elements of the public who do not travel
often on specific modes such as air transportation, and who are anxious to
protect their neighborhoods against change and eagerly look to newly found
environmental and resource issues as allies in this concern. These common
costs will be dominant in the consideration, by public bodies, of transpor-
tation alternatives (note the widespread requirements for environmental im-
pact statements).

The usual benefit associated with transportation is passenger-miles
served by the system, It is, in reality, a "common" benefit since the in-
dividual traveler rarely views the maximization of passenger miles as an
individual benefit as long as his personal needs are served, Other common
benefits could include employment provided by the transportation industry,
contributions to a favorable trade balance,. congestion relief in the public
sector (notably at airports), auto-miles diverted from the highways as a
means of reducing congestion and improving energy consumption, and the
increase in land value and economic development which often results from the
location of a new transportation system or expansion of an existing one.
However, in the present study, only the prime common benefit -- passenger
miles == is considered.

Conceptual Evaluation

If all costs could be guantified to a common base, transportation modes, -
or systems, could be characterized by a single unit of cost (including common

G PAGE BLANK
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costs) and alternative systems compared on the basis of least cost, If, fur-
thermore, the "benefits" (including common benefits) of transportation systems
could be gquantified, a cost/benefit ratio could be used to add a further di-
mension in the comparison of alternative systems, and a comparative analysis
could be illustrated as follows:

Sys. B

Total
Cost

Opt. Cost/Benefit Designs

Benefits

As shown, System A has lower total costs than System B and, in a suboptimized
analysis, would be favored. But accounting for benefits as well &s costs makes
it possible to reveal a possible situation in which increased benefits compen—
sate for increased costs such that System B, having a iower cost/benefit ratio,
would be the favored system.

Unfortunately, it is difficult to quantify environmental and resource
costs, and other common costs and benefits, in dollar units without meking
arbitrary assumpbions which are open ‘o question. The analyst is then sub-
jecet to the charge that he hes selected his dollar values SO as to insure &
fgvorable result for a preselected system.

Accordingly, UTRC developed a "sractionalized benefit/cost method"

which involves the definition of "rractional” costs and benefits for modes

or systems being compared, in order to avoid the problem of dissimilar units.
For example, in the present study, a number of fuel-conserving options are
being analyzed = for overall merit. Each option is characterized by a calcu-
1lable cost for each of several different types {user cost, user time, energy
used, emissions generated, ete.), end each option is characterized by a diff-
erent value for the transportation "benefit" (passenger~miles). A strict
adherence to the benefit/cost methodology, &s described in Ref. 1lk. would
call for the formation of a fractional cost by dividing the cost for each
option by the sum of the costs for all options, and similarly, for the for-
mation of a fracbional benefit by dividing the benefit for each ophion by
the sum of the benefits for all options. Dividing the fractionalized bene-
fits by the fractionalized costs then provides the bLenefit cost ratios which
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would then be comhined as discussed below.

However, since all fuel-conserving options in the present study are to
be compared with the baseline, considerable simplification can be achieved
by merely nommalizing all benefit and cost values to those for the baseline.
Thus, the normalized benefit, b;, and the normalized costs, cij, are as
follows:

bi = Bi/BO and ciJ = Clj/COj
where B; and Cij represent a single benefit and the jth cost associated with
option i, and By and Coj represent the corresponding baseline values, Frac-
tional benefit/cost ratios, representing the amount of benefit provided per
mit cost, relative to the baseline, are as follows:

35 = bi/esy

A value of fij greater than 1.0 indicates that option 1 is superior to the
baseline with respect to cost J (i;ﬁ., it provides more benefit per unit
cost); a value less than 1.0 indicates the baseline is better.

For a system with only one type of cost and one benefit, the use of the
simple benefit/cost ratio defined above provides the required evaluation.
For a system with multiple costs (j > 1), the benefit/cost ratios individ-
ually evaluate, for each benefit-cost combination, alternative systems.
However, in this case, the analysis is not completely definitive because a-
transport system may look good in terms of one benefit/cost ratio and bad
in another; hence, a method is needed to estimate the relative importance
of benefits and costs such that ratios can be combined to result in a come
posite rating.

Derivation of Weighting Factors

One way to approach this Question is to ascertain how important each
transportation cost is relative to all such costs., TFor example, how impor-
tant is transportation air pollution relative to all sources of air pollution,
or how much energy does transportation use relative to all energy consumption?
If the transportation fraction of total air pollution is lower than the trans-
portation fraction of total energy consumed, then the air pollution "cost"

‘may be considered as less important than the energy 'cost" and weightings

assigned on the basis of these fractions. In this way, a series of cost
weightings,'wj, can be derived, where : / S '
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Transportation costs of type J
w =
J All type-]J costs

Such analytically derived weighting factors are theoretically free of
blas on the part of the analyst but, when many costs ate being considered,
such weighting factors have only an incidental relationship to each other,
and when compared among the number of costs being considered, the relative
‘values may violate the analyst's judgement.

Because it has been found that bias tends to creep into the analytical
process used for deriving weighting factors, it is possible that a purely
Judgmental process can yield meaningful values, individual bias being mini-
mized by averaging Jjudgmentally derived factors over a large number of
racers, The value of this approach is that derived weightings may be more
acceptable in relative terms, at least in a ranking sense, but has the dis-
advantage that proper separation of numerical values may not be achieved.

Accordingly, a survey of scme 57 respondents was conducted to deter—
mine a set of weighting factors, based on pure judgement, which could be
compared with the analytically-derived set described abeve, The normal—
ized weighting factors derived in these two ways are summarized sas Case A
(calculated weightings) and Case B (survey weightings) in Fig. 1  for the
specific costs considered in this study. The primary observation that
emerges from a comparison of these two approaches is that all survey
weightings fall within a fairly small band of numerical values (i.e., the
highest (0,198) is only 45% greater than the lowest (0.137)), whereas the
calculated weightings vary over a much wider range of values (the highest
(0.311) is over six times the lowest (0.047)). It is thus apparent that
the survey weightings will have relatively little impact as modifiers on
individual benefit/cost ratios when combining them into benefit/cost rat-
ings. A second observation is that the survey respondents perceive user
time, user cost, and energy as being the most important, and in that order,
whereas the calculsated values indicate energy as being most important, with

~user time slightly less important, and emissions and user cost about equal
and much less important than the first two costs.

In assessing the two techniques, the numerical significance of the cal-'
culated weightings is an appealing feature even though the individual costs
bear only incidental relative significance. On the other hand, the surVey
Weightings have an appealing relative significance,‘bub‘fhe numerical quani-
ties are strongly dependent on how the survey was made and provide little
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COMPARISON OF COST WEIGHTING FACTORS

RANKING
COST TYPE A B 3
1. USER COST 4 2 3
2. TRAVEL TIME 2 1 1
3. ENERGY 1 3 2
4. EMISSIONS 3 4 4
5. GOV'T SPENDING 6 6 6
6. NOISE IMPACT 5 5 5
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separation among costs. = Inasmuch as there is no straightforward way of
deciding on which technique is better, a simple-minded (and very arbitrary)
way of accounting for these differences is to simply average the survey
values and the revised calculated values to result in Case C of Fig, 1.

This process picks up some of the "relative" aspects of the survey weight-
ings and some of the "absolute" aspects of the calculated weightings.

Formation of Benefit/Cost Ratings

The purpose of deriving the cost weightings is, of course, to make it
possible to combine individusl benefit/cost ratios into an overall benefit/

cost rating. The weightings can be applied in either an arithmetic or s
geometric averaging process:

Zwyti
Bom e arithmetic
L 2w,
3 dJd
‘ —_
2Ws
3 J

R.= [nfﬁfﬁ] geometric
115

In practice, it has been found that the geometric process is preferred since
it leads to a more reasonsble mean value when widely differing individual
values are encountered, As in the case of individual benefit/cost ratios,

a value of the benefit/cost rating greater than 1.0 indicates superiority

of the option being examined, relative to the baseline option.
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