Costs and Benefits of Reducing Fuel Burn
and Emissions from Taxiing Aircraft

Low-Hanging Fruit?
Parth Vaishnav

While taxiing, aircraft are powered by their main engines. This paper
estimates the potential reductions in costs and emissions that could be
achieved with tugs or an electric motor embedded in the landing gear
to propel aircraft on the ground. The use of tugs would result in the
avoidance of $20/ton of carbon dioxide (CO,) emissions if the measure
were adopted for all domestic flights. Estimates of average net savings
for airlines vary from $100 per flight at John F. Kennedy International
Airport in New York City to a loss of $160 per flight in Honolulu, Hawaii.
Electric taxiing would save between $30 and $240/ton of CO, emissions
avoided. Either approach could reduce CO, emissions from domestic
flights in the United States by about 1.5 million tons each year, or about
1.1% of the total emissions in 2006. If the switch were limited to large
narrow-body aircraft on domestic service at the busiest airports in the
United States, the total reduction in emissions would be 0.5 million tons
of CO, annually, accompanied by savings of $100/ton. Air quality ben-
efits associated with lower main engine use were monetized by using the
air pollution emission experiments and policy model and ranged from
more than $500 per flight in the New York City area to just more than
$20 per flight in the Dallas—Fort Worth, Texas, area. The analysis also
demonstrates that emissions reductions from different interventions
(e.g., single-engine taxiing and the use of tugs) are often not independent
of each other and therefore cannot be combined in a simple way.

In 2005, aviation was responsible for 3.5% of total anthropogenic
contributions to increased radiative forcing. By 2050, aviation’s share
is expected to rise to between 4.0% and 4.7%. Both numbers exclude
aviation-induced cirrus, whose impact is highly uncertain. Includ-
ing aviation-induced cirrus, aviation’s contribution to the increase in
anthropogenic radiative forcing was between 1.3% and 10% in 2005
and is expected to rise to between 2% and 14% by 2050 (7).

The energy intensity (energy use per passenger mile) of the domes-
tic operations of certified U.S. air carriers fell by 46% between 1990
and 2011 (2.9% annually), while that of their international operations
fell by 16% (0.8% annually) during that period (2). Analysts [e.g.,
Winchester et al. (3)] have assumed that aircraft fuel efficiency will
continue to improve by about 1% annually. Passenger miles glob-
ally are projected to grow more rapidly, 5% annually until 2030,
with forecast growth in China to be most rapid, at 7.6% per year.
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However, even in North America, where annual growth of 2.8% is
forecast, the rise in traffic is likely to outpace gains in efficiency and
cause total emissions to grow (4).

In 2008, the European Union Council issued a directive to include
aviation in its emissions trading scheme from 2012 onward, though
the inclusion of international airlines in the scheme is currently on
hold. The council said that it had decided to regulate greenhouse
gas emissions from aviation because “if the climate change impact
of the aviation sector continues to grow at the current rate, it would
significantly undermine reductions made by other sectors to combat
climate change” (5).

Airlines also have a strong economic incentive to reduce fuel
consumption. In 2010, fuel costs constituted 30% of U.S. airlines’
expenses and consumed 29% of passenger revenue (6). The pres-
sure on airlines to reduce their environmental footprint is likely to
continue to grow. In this context, airlines and policymakers need
to understand the magnitude of emissions reductions that could
be achieved by different measures as well as the costs required to
achieve such reductions.

PRIOR WORK

McKinsey & Company estimates that, in the global aviation industry,
“measures costing less than €60 per ton of CO, [carbon dioxide] have
an abatement potential of 0.36GtCO, per year in 2030, or 24 per cent
[of total emissions]” (7).

Schifer et al. estimate the emissions reductions and associated
costs of three technological improvements (8): (@) a more advanced
narrow-body aircraft, 17 g CO, of savings per passenger kilometer
(pkm) at zero marginal cost per ton of emissions avoided (baseline
emissions are 76 g of CO, pkm), () fast open-rotor aircraft: 27.2 g
of CO, per pkm at a cost of €171/ton of CO,, and (c¢) reduced-speed
open-rotor aircraft: 34 g CO, per pkm at €158/ton of CO,.

Morris et al. calculate that 0.6 million tons, or 23%, of the
United Kingdom’s total emissions from domestic aviation in 2020
could be cut in ways that reduce costs (9). Projected savings ranged
from £187/ton of CO, emissions avoided through the better use of
capacity to £20/ton of emissions avoided by more efficient air traf-
fic management [Morris et al. assumed an exchange rate of $1.86
to £1 (9)]. Of the measures with a positive cost, the least expensive
was the fitting of winglets wherever possible, at a cost of £20/ton
of CO,. The most expensive measures included the replacement of
old engines with the newest ones (£206/ton of CO,) and the early
retirement of aircraft (£497/ton of CO,). The full range of measures
considered would result in emissions reductions of 1.4 million tons
of CO,, or about 54% of the total.
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This paper estimates the reduction in fuel burn and CO, emis-
sions that could be achieved if aircraft were to taxi without the use
of their main engines as well as the costs of two alternatives: the
first is the use of a tug to tow aircraft from the gate to the start of the
runway; the second is an electric taxi (e-taxi) system, which uses an
electric motor—embedded in the aircraft’s landing gear and pow-
ered by its auxiliary power unit (APU)—to propel the aircraft on
the ground. The alternatives are compared by considering domestic
flights operated by major airlines in the United States in 2011.

Deonandan and Balakrishnan estimate reductions in fuel burn
that accrue from using only one engine while taxiing for departure
(10). They consider domestic commercial flights departing from the
50 busiest airports in the United States and conclude that fuel use and
emissions from ground operations could be cut by between 25% and
40% by taxiing for departure with only one engine running. They
also calculate that towing aircraft to the runway before takeoff would
reduce jet fuel burn by about 75% during that period. Fuchte et al.
estimate that an e-taxi system installed on a Boeing 737 or Airbus
A320 aircraft on domestic service would reduce fuel burn by between
1.1% and 3.9% (11).

METHODS AND DATA

The scenarios compared in this paper are described below.

Baseline Scenario

More than half the commercial pilots surveyed by Clewlow et al.
said that, more than 75% of the time, they taxied (after landing)
with only one engine running (/2). However, a majority of pilots
reported that, more than 90% of the time, they taxied (before take-
oft) with both engines running. (In the data set used in this analy-
sis, all aircraft on domestic service had two engines.) Clewlow
et al. also found that pilots ran both engines for an average of 3 min
after landing, to allow them to cool down. Therefore, the baseline
scenario (Figure 1a) assumes that aircraft taxied for departure with
both main engines operating but that, while taxiing upon landing
and after the cool-down period, only one engine was run until the
aircraft reached the gate. The baseline scenario also assumes that
the aircraft was pushed from the gate by a tractor, a process that
took 2 min.

Single-Engine Taxiing Scenario

While single-engine taxiing is currently rare, a variant of the base-
line scenario (Figure 1b) in which pilots taxied for departure with
one engine was also considered. [In addition to the work of Clewlow
etal. (12), research by Page et al. suggests that single-engine taxiing
for departure is relatively rare (/3).]. Tedrow indicates that airlines
instruct pilots to taxi with one engine as often as possible, and it
is likely that the approach will become more widely adopted (/4).
For this scenario, the current work assumed that both engines were
run an average of 5 min before takeoff, a duration called “spool-up
time” (12).

Furthermore, the author calculated the time for which the main
engines must be run for each flight. For example, if an aircraft
taxied for precisely 3 min on its way to the gate, both its engines
were assumed to be operated throughout the duration of taxiing.
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Fuel burn and emissions were calculated for 6 min (three times
two engines) of main engine operation. If it taxied for longer—
say 5 min—it was assumed that one engine was run for the entire
5 min, while the other was run for only 3 min. Therefore, fuel burn
and emissions were calculated for 8 min of engine run time. The
scenarios for the baseline and for single-engine taxiing assumed that
both engines were or one engine was, respectively, operating at the
moment the aircraft backed from the gate.

Tug Scenario

The tug scenario (Figure 1¢) assumed that aircraft were towed from
the gate to the runway by a tug powered by diesel. This process is
called “dispatch towing.” [Aircraft taxi-in times are significantly
shorter than taxi-out times, and the use of single-engine taxiing
is much more common during taxiing for arrival than taxiing for
departure (/2). Therefore, fuel savings from using tugs for taxi-in
are small. Furthermore, ensuring that a tug is available to meet an
aircraft a few minutes after it lands is operationally complex. So
tugs were assumed to be used only to tow aircraft to the runway
before departure and not back to the gate after landing.] Another
assumption was that the aircraft’s APU, which is typically turned
off during taxiing if either of the main engines is on, was operated.
APU supplies bleed air to run the aircraft’s air cycle machine and
powers its electrical systems.

Two variants of the tug scenario were considered. The first
assumed that tugs would be used to tow every domestic flight. But
the use of tugs would likely be curtailed by two factors. First, as
described later in the section on operational issues, only one manu-
facturer produces a tug designed to be used for operational dispatch
towing. This tug is engineered to operate only with aircraft that are
at least as large as the Airbus A318. Second, its cost is $1.5 million,
and it is expensive to maintain. Therefore, for flights with short taxi
times (e.g., those departing from uncongested airports), the capital
and maintenance costs of the tug are likely to exceed the fuel savings
its use generates.

The second variant of the tug scenario, then, considered the use
of tugs to tow aircraft only at least as large as the Airbus A318, and
these tugs were deployed only at the 50 busiest airports in the United
States (Table S5), where it was economical to do so. (All tables and
figures coded S are available online as supplementary materials at
https://db.tt/WsadebxZ.)

E-Taxi Scenario

A number of firms are working on an e-taxi system (/5-18). This
analysis estimated the fuel and cost savings that would be achieved
by such a system, whose operation is described by the schematic
in Figure 1d: both main engines would be run for a minimum of
5 min during departure and 3 min during arrival. APU would be
run the rest of the time. No push-back tractor would be needed,
as the electric motor would be able to propel the aircraft both
backward and forward. (Doing so might initially require wing
walkers to guide the pilot and prevent tail strikes. Eventually,
the aircraft may be able to reverse autonomously, perhaps with
the help of a rear-facing camera mounted on the aircraft to assist the
pilot.) The author assumed that all aircraft on domestic service are
equipped with an e-taxi system for both scenarios: baseline and
single-engine taxiing.



Vaishnav

67

Taxi Out Taxi In
Main Engine 1 Main Engine 1580}
Main Engine 2/ Main Engine 2500
Tug Tug
APU APU
Pushback Pushback
Time > Time
Taxi Out Taxi In
MainEngne il MainEngne il i
Main Engine 2 Main Engine 260
Tug Tug
APU APU
Pushback R Pushback
Time - Time
Taxi Out Taxi In
Main Engine 1 Main Engine 1
Main Engine 2 Main Engine 2
Tug ] Tug
APU APU
Pushback Pushback
Time > — Time
Taxi Out Taxi In
8 ming
Main Engine 1 Main Engine 1/
Main Engine 2 Main Engine 2,
Tug Tug
apU B APU
Pushback Pushback

Time

Time

FIGURE 1 Schematics of scenarios: (a) baseline, (b) single-engine taxi,

(c) tug, and (d) e-taxi.

In practice, an e-taxi system would be gradually adopted and
restricted to aircraft that are operated on routes for which the
aircraft spends a significant fraction of the total flight time on
the ground.

Costs and Benetfits

The reduction in main engine fuel burn for each flight was calcu-
lated by assuming that the plane went from being propelled by its
main engines during taxi to using either a tug or an e-taxi. This
change in fuel use was multiplied by the price of jet fuel to arrive at
the change in jet fuel cost attributed to use of the main engines.

Any potential saving from decreased fuel use was offset by an
increase in the cost of jet fuel for the APU in both the tug and e-taxi
scenarios. The analysis accounted for the capital cost associated
with purchasing the tugs or e-taxi systems and their operating costs.
These operating costs included the cost of fuel and maintenance.
In the case of the tugs, the cost of the personnel required to operate
the tug was taken into account. In the case of e-taxi systems, the cost
of additional fuel burn associated with carrying the extra weight of
the system during cruising was also estimated.

These costs were subtracted from the saving in main engine fuel
burn costs to calculate a net saving.

In most cases, a net reduction in fuel burn resulted, even when the
additional fuel burn for the APU and tug were taken into account.
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This reduction resulted in lower emissions of CO,, nitrogen oxides
(NOy), hydrocarbons (HC), and particulate matter (PM).

The cost per ton of CO, emissions avoided was calculated as the
negative of the net saving divided by the quantity of CO, emissions
avoided in tons. This method of quantifying the benefits (or costs)
associated with a reduction in CO, emissions was used because it
facilitates comparison with other ways of reducing greenhouse gas
emissions, in both aviation and other sectors.

The benefits associated with a reduction in the emissions of the
other pollutants were monetized by using the air pollution emission
experiments and policy (APEEP) analysis model (/9). This model
gives the marginal cost of emitting an additional ton of NO,, vola-
tile organic compounds or—for the purposes of this analysis—HCs,
and PM in each county in the United States. (The APEEP model also
gives the marginal cost of sulfur dioxide and ammonia emissions,
but these are taken into account in this analysis.) The counties in
which each of the 50 busiest airports in the United States is situated
were identified, and the benefit in improved air quality was calcu-
lated on the basis of the APEEP model and the previously described
estimate of the reduction in emissions.

Taxiing Times

The U.S. Bureau of Transportation Statistics defines “taxi-out time”
as “the time elapsed between departure from the origin airport gate
and wheels off,” and “taxi-in time” as that “between wheels down
and arrival at the destination airport gate” (20).

The taxi times of all domestic flights operated by “major airlines”—
defined as those “that account for at least one percent of domestic
scheduled passenger revenues”—are published by the Bureau of
Transportation Statistics (2/). For 2011, data are available for six
million of the nine million domestic flights (22). The latter number
includes flights operated by minor airlines.

Fuel Burn and Emissions of Main Engines

The data from the Bureau of Transportation Statistics include the
tail numbers of the aircraft that undertook each flight (217). (For 14%
of the flights, the tail number was not available. For such flights, a
“typical” aircraft was assumed. The fuel burn rate for this hypo-
thetical aircraft was calculated by weighting the burn rate for all
other aircraft by the number of flights performed by them and then
averaging. Characteristics of all aircraft, including the typical air-
craft, are given in Table S4.) An FAA database was used to identity
the aircraft type on the basis of tail number (23). The engine most
commonly associated with a particular aircraft type was identified
in a study done by Energy and Environmental Analysis, Inc., for the
U.S. Environmental Protection Agency as well as by referring to
airframe manufacturers’ websites (24).

The International Civil Aviation Organization maintains a data-
base of specific fuel consumption and emission indices for a large
number of aircraft jet engines (25). The data are provided for four
levels of thrust, the lowest of which is “idle” or 7% of maximum.
The analysis assumed that, when in operation during taxiing, main
engines were set to this level of thrust. [Nikoleris et al. have noted
that the actual thrust setting during taxi may vary between 4% and
9% (26). However, a study of flight recorder data by Khadilkar and
Balakrishnan suggests that—with the exception of large Airbus
models such as the A330 and the A340, which are not included in
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the data set for this paper—an assumption of a constant thrust level
of 7% during taxi yields a good estimate of actual fuel burn (27).]
After considering the marginal impact of stops and turns,
Khadilkar and Balakrishnan conclude that fuel burn is determined
almost entirely by total taxi time (27). The emissions of CO, are
determined by the quantity of fuel burned. The CO, emission index
of jet fuel is obtained from a study by the Intergovernmental Panel
on Climate Change (28). Therefore, this entire analysis assumed
that main engine fuel burn and emissions are determined by the time
for which the engines are run. The emissions indexes for other
pollutants (NO,, HC, and PM) were obtained from Wade (29).

Operation Times for APUs and Tugs

The APU and tug operation times are a function of taxi time and
engine spool-up and cool-down times, as shown in Figure 1, ¢ and d.
They are calculated separately for each flight.

Fuel Consumption and Emissions of APUs

The models of APUs most commonly associated with particular air-
craft types were identified by using the study by Energy and Envi-
ronmental Analysis, Inc. (24) as well as a more recent study done
for the Zurich, Switzerland, airport (30). The rate of fuel burn of the
APUs was obtained from these studies, whereas the emissions index
was obtained from Wade (29). These data were combined with the
estimated run times of the APU in each of the scenarios to calculate
fuel burn and emissions.

Fuel Burn and Emissions of Tugs

As discussed in the section on operational issues, only one manu-
facturer currently produces a tug designed for operational dispatch
towing. This tug is powered by diesel. Statistics on fuel burn and
emissions for the tug were obtained from the manufacturer. CO,
emissions were calculated directly on the basis of fuel burn (28).

Fuel Prices

For jet fuel and diesel, price data were obtained from the U.S. Energy
Information Administration (37, 32).

Capital Costs of Tugs

Each tug costs $1.5 million. This estimate was obtained from the
manufacturer and was amortized over 10 years at an assumed dis-
count rate of 7%. [This is the coupon rate of a US Airways bond that
matures in 2020 (33).]

Capital Costs of E-Taxi System

The capital expense associated with retrofitting the e-taxi system to
existing aircraft, or incorporating it into new ones, is not publicly
available. Therefore, this value was parameterized and the cost per
ton of CO, emissions avoided was calculated under the assumption
that the system costs between $250,000 and $1,000,000 per aircraft.
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It was assumed that the system’s capital cost was amortized over
20 years at a discount rate of 7%, as noted earlier. Finally, it was
assumed that each aircraft performs an average of 3.5 flights per
day, 365 days a year (34, 35).

Operating and Maintenance Costs of Tugs

Discussions with the tug manufacturer led to the assumption that dur-
ing its operational life the tug would undergo two major overhauls:
one in the 5th year after purchase and another in the 10th year. At the
assumed discount rate of 7%, the cost of each overhaul was amor-
tized over 5 years to arrive at an annual cost. Additional assumptions
were that the tug incurs an annual routine maintenance cost of 7.5%
of the price of a new tug, that each tug is manned 18 h/day, and that
the tug operator is paid $40/h. (The analysis is not sensitive to this
assumption: halving the hourly rate increases the average per-flight
saving by about 30%.)

Operating and Maintenance Costs of E-Taxi Systems

Maintenance costs were assumed to be 20% of annualized capi-
tal expense. A further assumption was that the e-taxi system would
draw on APU power; therefore, the fuel costs associated with using
the system were included in APU fuel burn.

Number of Tugs Needed

Two versions of the tug scenario were evaluated. The first assumed
that tugs would be deployed at 300 airports and that virtually every
domestic flight would be towed from the gate to the runway. The sec-
ond version assumed that tugs would be deployed only at those of the
50 busiest airports in the United States where they saved money. This
second version of the tug scenario also assumed that tugs would be
used only to tow aircraft larger than the Airbus A318.

The following procedure was used to evaluate the number of tugs
needed in the first version of the tug scenario.

All domestic flights that departed from each of the 31 busiest
airports in July were arranged in chronological order. (July was cho-
sen because aircraft taxied the longest in July for virtually all the
airports considered. Then, the assumption was made that analysis of
July data would yield a conservative estimate.) The tug assigned to
the first flight was assumed to be unavailable for the time required
for it to tow the aircraft to some point close to the edge of the run-
way, to detach from the aircraft, and then to return to a gate. [This
point of detachment was assumed to be 5-min taxiing time from the
runway, as the engines would need to be run for this period before
departure, in any case. Therefore, if a flight in the data set had taxied
for 10 min, the assumption was that the use of a tug to tow the aircraft
to the edge of the runway would require 11.5 min: 5 min (10 — 5 min)
to tow the aircraft, 1.5 min to detach from it, and 5 min to return to
the gate. In practice, the drive back to the gate should not take long,
as the tug would likely not have to spend any time waiting in the
departure queue, as it would while towing the aircraft to the runway.
In that way, this is a conservative assumption.] Each flight that
started taxiing between the time that the first tug left from and then
returned to the gate would have to be towed by other tugs. The
number of such flights would be an estimate of the number of tugs
needed at for time. Such estimates were obtained for every flight
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and analyzed to arrive at the number of tugs that would have been
sufficient to meet demand in 95% cases.

Once this number was obtained for the 31 busiest airports, an
ordinary least squares regression model was built to express the
number of tugs needed at an airport as a function of the number of
departures and the average taxi time there. The model was used to
arrive at an estimate of the number of tugs needed at the remain-
ing 270 airports in the data set. (When the model estimated that a
noninteger number of tugs were needed, that number was rounded
to the nearest higher integer.)

For the second version of the tug scenario, the calculation out-
lined earlier for each of the 50 busiest airports was repeated. Only
domestic flights that were operated on aircraft larger than the Air-
bus A318 were considered. Initial calculations that assumed a 95%
service level were performed. However, the service level was then
adjusted to ensure that the net saving was maximized. This calcula-
tion did not account for the social benefit produced by the reduction
in pollution: the assumption was that whoever operated the tugs
would operate them to maximize the financial benefit to themselves.

Weight Penalty of E-Taxi System

Boeing published estimates of the percentage change in fuel burn
associated with a 1,000-1b change in the zero-fuel take-off weight
of each of its major aircraft types (36). A strong correlation is shown
between these percentage reductions and the zero-fuel take-off
weights of the aircraft (see supplemental material at https://db.tt/
WsadebxZ).

This correlation was applied to other aircraft types to estimate
the amount of change in their fuel burn with an increase in weight.
Baseline fuel burn associated with each flight is based on the Euro-
pean Environment Agency’s air emissions inventory, which pro-
vides typical fuel burn for various aircraft and mission lengths (37).
Additional fuel burn attributable to the weight of the e-taxi equip-
ment was calculated on the basis of baseline fuel burn and the per-
centage increase estimated from the Boeing data. Two assumptions
were made here: a practical e-taxi system would weigh 1,000 Ib, and
the percentage change in fuel burn would vary linearly with weight.

To validate the model, its predictions were checked against esti-
mates Airbus published of additional fuel burn associated with a
given increase in weight for a number of its aircraft (38). Meaning-
ful comparisons could be made for only three aircraft types, but the
agreement between the model and Airbus’s estimates was good (see
supplemental material at https://db.tt/WsadebxZ).

RESULTS

Switching from Baseline Scenario to Tug
Scenario for All Domestic Flights

If one assumes that all six million domestic flights in the United
States in the data set taxied for departure powered by both engines,
the use of tugs to tow virtually all of them from the gate to the
runway would reduce fuel burn by 0.5 million tons each year and
CO, emissions by 1.7 million tons. [The reasons for “virtually all”
flights being towed is that tugs would not be used for the extremely
small number of flights (<1% of the total) that have a taxi-out time
of less than 5 min and that this scenario assumes only enough tugs
to provide a service level of 95%.] Use of this alternative would
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be accompanied by a net saving of $36 million each year. Cutting
CO, emissions in this way would save $20/ton. This saving var-
ies considerably from airport to airport: a cost would be incurred
of more than $1,000/ton of CO, abated at Guam, but the use
of tugs would save $100 per ton at Philadelphia (Pennsylvania)
International Airport.

Switching from Single-Engine Taxi-Out Scenario
to Tug Scenario for All Domestic Flights

If all domestic flights analyzed were assumed to have taxied for
departure with only one engine save for the final 5 min before taxi-
ing for departure, a switch to dispatch towing would reduce fuel use
by 0.2 million tons/year and CO, emissions by 0.6 million tons.
However, because of the costs of buying and operating the tugs, net
costs would increase by $300 million annually and result in a cost
of $500/ton of CO, abated. Clearly, where single-engine taxiing
for departure is the current practice, a switch to using tugs may not
be economical.

Switching from Baseline Scenario to Tug
Scenario for Large, Narrow-Body Aircraft
at Select Airports

An overview of the results of this analysis is given in Table S2. The
results for Newark (New Jersey) Liberty International Airport are
discussed in detail here.

In 2011, about 60,000 flights on large narrow-body aircraft
departed from Newark. Under the assumption that these aircraft
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taxied by using two engines, this analysis concludes that total net sav-
ings would have been maximized if 65%, or 39,000, of these flights
had been towed with a tug. To provide this level of service, seven
tugs would have been needed, and their use would have resulted in
a net cost saving of, on average, $80 per flight, which translates to
a saving of $3 million annually at Newark. [Modifications might be
required to airport layout and procedures to enable the use of tugs
(see the later section on operational issues); this analysis has not
accounted for these costs.] Because taxiing times vary consider-
ably between flights, so would the savings. Figure 2 illustrates these
variations and shows that—even at a 65% service level—about 30%
of the flights that are towed would lose money. This calculation
assumes that cherry-picking of flights with long taxiing times is not
possible. Such an assumption is reasonable because flights with the
longest taxiing times are likely to occur during times of congestion.
Selectively towing all these flights would result in a larger saving
in fuel costs but also require the purchase of a large number of tugs
that would sit idle at other times and thereby reduce net savings.
A tug could most likely be used to push back aircraft from the gate,
though this function would depend on whether space between the
aircraft and the gate was sufficient for a tug to maneuver. Another
determining factor would be the maneuverability of the tug itself:
for example, a tug with four-wheel steering would be able to “crawl”
sideways under the jet bridges and position itself to push back air-
craft as needed. Airlines may currently pay as much as $90 per flight
for push-back services; eliminating the need for a separate push-back
service could yield a significant saving.

The analysis indicated that the switch to using tugs would reduce
emissions of PM by an average of 0.5 kg per flight. The APEEP
model described earlier estimates that the mean cost of a marginal
ton of PM emissions in Union County, New Jersey, is $360,000.

600 800 1000 1200

Net savings per flight ($ per flight)

FIGURE 2 Even at service level of 65%, about 30% of flights departing from Newark would lose money if towed
by tugs. Towing flights that do not taxi for long would reduce savings, whereas towing flights with long taxi times

would increase savings.
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In contrast, the switch to using tugs would generate, on average, a
benefit of $180 per flight from reduced PM emissions. Similarly,
reducing NO, emissions is associated with a cost of $1,500 per ton,
and switching to dispatch towing would reduce them by 0.7 kg per
flight. In this case, the average damage done by using tugs instead of
main engines would be $1.10 per flight. Damage from hydrocarbon
emissions is valued at $32,000 per marginal ton and would be
reduced by, on average, 0.5 kg per flight; using tugs would produce
a mean benefit of $16 per flight. Overall, the average air quality
benefit at Newark of using tugs would be about $200 per flight.
In fact, the marginal cost of emitting a pollutant is highly uncer-
tain, and the APEEP model provides the 5th- and 95th-percentile
estimates of this cost for each pollutant. To quantify the impact of
this uncertainty, this information was used with the mean, and the
marginal cost was assumed to follow a triangular distribution. The
air quality benefits per flight also depend on the duration of taxi-
ing for departure. A lognormal distribution was fitted to the taxiing
times observed for large narrow-body aircraft at Newark in 2011.
In a 10,000-run Monte Carlo simulation, the marginal cost of each
pollutant and the duration of taxiing for departure were varied with
each run. The results are shown in Figure 3.

Using tugs reduces CO, emissions from each flight by an average
of 0.6 ton. This reduction translates to savings of $130/ton of CO,
emissions. The 90% confidence interval for the emissions reduction
is 0.15 to 1.33 tons of CO, per flight, while that for the net cost
ranges from savings of $230 to costs of $400 per flight. Apart from
the marginal benefits of reducing pollutants and taxi-out times, the
values of other parameters are either uncertain or liable to fluctu-
ate (e.g., the price of jet fuel). A sensitivity analysis was performed
to determine the impact that each of these parameters has on the
average net savings. The results for Newark are shown in Figure 4.
Savings are most sensitive to the taxi-out time, the price of jet fuel,
and the fuel burn rate of the main engine. A 30% reduction in any
of these would reduce average net savings to zero. Future attempts
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to reduce taxi-out times—by, for example, holding aircraft at the
gate when congestion is likely to decrease taxi-out times—would
be detrimental to the economics of tugs, as would the introduction
of increasingly efficient engines. The economic savings would also
fall dramatically if the cost of the tug could be amortized over only
3 years or fewer. Furthermore, changes in the price of the tug and
the price of diesel do not have dramatic impacts on the net savings.
Finally, if the switch from two-engine taxiing for departure to dis-
patch towing were made for large narrow-body aircraft on domestic
service at all 41 of the 50 busiest airports in the United States, the
total net savings would amount to $50 million annually. CO, emissions
would fall by 0.5 million tons each year. This reduction in emissions
would be accompanied by a savings of $100 per ton. In addition
producing a net savings from reduced fuel burn, the switch would
result in $150 million in annual air quality benefits from reduced PM,
HC, and NO, emissions. More than 85% of these air quality benefits
($130 million annually) would come from reduced PM emissions.

Switching from Single-Engine Taxiing to Tug
Scenario for Large, Narrow-Body Aircraft
at Select Airports

If single-engine taxiing for departure is assumed to be the baseline,
the use of tugs is not economical anywhere (Table S3), unless a
$90 per flight saving is realized from avoiding push back. Under
the assumption of the same levels of service (and, therefore, num-
ber of tugs) as in the previous scenario, such a switch made at all
50 of the busiest airports in the United States would increase costs
by $60 million annually. However, a reduction of 0.2 million tons
in CO, emissions would still occur, albeit at a cost of $300/ton
of CO, abated. The total increase in HC emissions would produce
a loss of $2 million annually, but it would be offset by $1 million
in benefits from reduced NO, emissions and $60 million in benefits
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FIGURE 3 Benefits of reduced emissions of particulate matter dominate. For about 80% of

flights, these benefits exceed $100.
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FIGURE 4 Sensitivity analysis showing impact of various parameters on average net savings.

from reduced PM emissions; if air quality benefits were taken into
account, the total impact of a switch from single engine taxiing to
using tugs would still be a small positive number (<$1 million annu-
ally). If the switch were made only at airports where the sum of the
net savings and the air quality benefits was positive, the total reduc-
tion in CO, emissions would be 60,000 tons and would be accom-
panied by a monetary loss of $11 million. Total benefit, including
that from improvement in air quality, would be $24 million annu-
ally. These calculations assume that each main engine consumes the
same amount of fuel regardless of whether the aircraft is powered
by one or two engines. Actually, during single-engine taxiing, the
one engine powering the aircraft would likely need to be operated
at elevated levels of thrust. Measurements by Presto et al. suggest

TABLE 1
Taxiing Scenarios

that increasing engine load from 4% to 7% raises fuel burn by about
10% (39). The assumption that, during single-engine taxiing, the
main engine burns 10% more fuel does not qualitatively change
the results: shifting from single-engine taxiing to tug use would not
be economical unless savings from avoiding push back were taken
into account.

Switching from Main Engine Taxiing to E-Taxiing

Table 1 shows the economics of shifting all flights to e-taxiing rela-
tive to the baseline and single-engine taxiing scenarios. For a ran-
dom sample of 500,000 domestic flights, the fuel and cost savings

Economics of Shifting All Flights to E-Taxiing Relative to Baseline and Single-Engine

Cost of Installing System per Aircraft

Variable $1,000,000 $500,000 $250,000
Relative to 2-Engine Taxi-Out and 1-Engine Taxi-In

Total CO, emissions reductions (tons of CO,) 1,900,000 1,900,000 1,900,000
Per flight CO, emissions reductions (tons of CO,) 0.31 0.31 0.31
Total annual savings $50,000,000 $320,000,000 $454,000,000
Average savings per flight $10 $50 $70
Cost per ton of emissions reductions ($ per ton of CO,) -$30 -$170 —$240
Proportion of flights that would lose money 70% 40% 30%
Relative to 1-Engine Taxi-Out and 1-Engine Taxi-In

Total CO, emissions reductions (tons of CO,) 700,000 700,000 700,000
Per flight CO, emissions reductions (tons of CO,) 0.11 0.11 0.11
Total annual savings —$329,000,000 —-$59,000,000 $75,000,000
Average savings per flight $50 -$10 $10
Cost per ton of emissions reductions ($ per ton of CO,) $490 $90 -$110
Proportion of flights that would lose money 90% 80% 60%
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that would accrue from using e-taxiing were calculated. The distri-
bution of per-flight cost savings associated with different assump-
tions about capital costs is shown in Figure 5. An e-taxi system
would likely eliminate the need for a separate push-back tractor,
saving up to $90 per flight. If (@) the e-taxi system cost $1 million
per aircraft to put in place, (b) this cost was amortized over 20 years
at 7%/year, and (c) the aircraft performed 3.5 departures per day,
then the capital cost per flight would be $75. If one assumed that
maintenance was 20% of capital cost, the total fixed cost of the
system would be $90 per flight, which would be fully paid by the
elimination of push-back services.

For the A320 family of aircraft, an ordinary least squares model
estimated the total reduction in fuel burn as a function of total flight
distance (in miles) and total taxiing time (in minutes). Compared
with the baseline scenario of two-engine taxi for departure and
one-engine taxi for arrival, the model was as follows:

reduction in fuel burn = 8.92 X total taxi time — 0.03

X total flight distance — 83.85

All coefficients are highly significant (p <2 x 107'°), and the model
has an R* of .94. These results are unsurprising because this regres-
sion essentially involved running the model used to estimate fuel
savings in reverse.

By using this relationship, the net average saving per flight was
calculated for different assumptions about both the capital expense
associated with equipping an aircraft with the e-taxi system and the
total taxiing time.

Figure 6 shows the results of this calculation. The average
taxiing time and average flight distance for the A320 family air-
craft in the data set here are 24.5 min and 990 mi, respectively.
The analysis suggests that, for the average 25-min taxiing time,
the e-taxi system—even if expensive to install—would reduce fuel
costs for flights of up to 2,000 mi. Flights that taxi less than 10 min
apparently would lose money regardless of how inexpensive the
e-taxi system is to install.

OPERATIONAL ISSUES
Tugs

A recent TRB report briefly discussed the issues associated with
dispatch towing:

Dispatch towing has been used at some airports in the U.S. However,
a number of issues related to dispatch towing have been identified
that limit widespread use. First, TBLT [towbarless tractor] towing
places heavy stress loads on the nose gear. Tests conducted by Virgin
Atlantic and Boeing found that dispatch towing with TBLTs resulted
in a reduced operational life of aircraft nose gear because of the
additional stress. Additionally, the TBLT must disconnect from the
aircraft near the end of the runway and return to the terminal. This
return trip represents an additional vehicle on the airfield with which
ATC [air traffic control] must maintain contact until such a point that

the TBLT exits the movement area or can use a vehicle service road.
(40, pp. 9-10)

These issues and possible solutions are discussed in detail next.
First, using currently available tugs for dispatch taxiing imposes
on the aircraft’s nose wheel a fatigue load that reduces its life. This
load is greater than that experienced by the aircraft during main-
tenance towing. Aircraft are virtually empty when towed between
hangars and are typically full of fuel and passengers when taxiing
for departure. An empty A320 weighs about 40 tons, whereas the
maximum ramp weight of the same aircraft is 78 tons. Aircraft
also need to brake more often when they are in a queue before
departure, especially if they have to cross active runways and taxi-
ways and therefore wait for other aircraft to pass. Because current
TBLTs use their own brakes to stop the aircraft, they have to trans-
mit through the nose landing gear a braking force large enough to
arrest the momentum of the fully laden aircraft within a reason-
able distance. The braking distances are likely to be shorter—and
the required forces correspondingly larger—if the aircraft is being
towed on and across active taxiways than if it is being towed on
maintenance roads. Finally, small narrow-body aircraft perform
nearly five departures per day, whereas large narrow-bodies perform
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more than three. An aircraft might need to be towed from a mainte-
nance area to a gate (or between maintenance areas) less frequently
than that. So, compared with maintenance towing, dispatch towing
is more frequent, involves heavier aircraft, and is likely to involve
more braking; in addition, the fatigue loads imposed on the nose
gear are greater for dispatch towing.

This issue has been addressed by the development of an advanced
tug that limits fatigue loads on the nose gear in two ways (41, 42).
First, this tug allows the aircraft to brake by using the aircraft’s own
brakes. Therefore, if power to the tug was cut when it detected that
the aircraft was braking, the nose gear would need to transmit only
enough force to stop the tug. Because the tug is considerably lighter
(=25 tons) than a fully laden aircraft (~75 tons), this difference
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alone would significantly reduce the load on the landing gear. In
fact, the tug is designed to reduce the load further by braking in
tandem with the aircraft. It is also designed to apply a load that com-
pensates for braking forces to ensure that—even if the load on the
nose gear fluctuates—no reversal in the direction of the load occurs
and that the amplitude of the fluctuations is minimized.

Second, airport rules may prohibit the operation of vehicles in
movement areas. For example, those rules for the Port Authority
of New York and New Jersey state, “Non-Port Authority vehicles
are prohibited from operating on any runway, taxiway and safety
area unless under escort by the Port Authority or FAA maintenance.
All vehicles shall obtain permission from the Control Tower before
entering or operating on the movement areas” (43, p. 85).

If airlines want to use tugs for dispatch taxiing, they will have
to negotiate exemptions from such rules in a way to ensure that
safety and operational efficiency are not compromised. For exam-
ple, aircraft would need to be towed to a location near the edge
of the departure runway. They would have to stop there for a few
moments, while the tug decoupled from them. Such a location
would have to be positioned so that the aircraft could leave and
rejoin the departure queue safely: aircraft could not be permitted to
stop and decouple while in the queue, as doing so would delay the
aircraft behind them. Such locations would need to be identified on
a case-by-case basis, and permission would need to be sought to
use them in this manner. For example, a deicing pad near the edge
of a runway at Philadelphia International Airport could be used for
decoupling (Figure 7). In this case, the tug could complete its jour-
ney without entering movement areas. [Quinn defines “movement
areas” as “[t]he airport runways, taxiways, and safety areas. The
movement area does not include loading ramps or aircraft parking
areas. Specific approval for entry onto the movement area must be
obtained from ATC” (40).]

While the tugs and the aircraft could be treated as a single entity
while they are joined, the tug would become an additional object for
ramp or active area controllers to manage after decoupling. Then the
use of tugs would require (a) these controllers to agree to take on
the additional workload and () the development of procedures that
permit safe operations. (If the tug stayed on the ramp at all times, its
movements would have to be managed by ramp controllers, who are
often airline employees and potentially more amenable to adopting
a procedure that benefits the airline economically.) The tug must be
equipped with appropriate transponders so that controllers could
“see” and communicate with them, and tug operators would have
to be trained to be able to communicate with the air traffic control
tower.

For other airports, both an area for decoupling the aircraft and
a service road to return the tug might need to be constructed. Tug
operations would lower fuel costs and reduce pollution and noise.
Therefore, airlines and airport operators (the latter of which, in the
United States, are invariably public bodies) stand to benefit from
their use. They would have to establish a way of sharing the costs
of any new infrastructure that might need to be built to enable such
operation. One potential source of funding could be the FAA’s
Voluntary Airport Low Emissions program.

E-Taxi

Here a narrow-body aircraft with mass 75 tons [e.g., the Airbus
A320 family (44)], rolling on a flat taxiway—with coefficient of
friction 0.03 (45)—at a typical taxiing speed of 20 mph, is consid-
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ered. These conditions would require about 200 kW, or 270 hp, of
power. (The power requirement is calculated as force times veloc-
ity, where the force is given by the weight of the aircraft times the
coefficient of friction. Then, power required = 75,000 kg x 9.81 m/s*
% 0.03 x 9 m/s = 198 kW.) To climb slopes and to accelerate the
aircraft sufficiently quickly, the APU would need to provide even
more power, or another source of power would need to be found.
Any such modification is likely to incur both cost and weight penal-
ties. The calculations above are therefore a best-case estimate of the
economics of e-taxiing.

CONCLUSIONS AND IMPLICATIONS
FOR PRACTICE

Estimates were made of the costs and benefits of two measures to
curtail the use of main engines, and therefore fuel burn and emis-
sions, while taxiing: (a) the use of tugs and (b) embedding an electric
motor in the aircraft landing gear.

If the switch from two-engine taxiing for departure to dispatch
towing were made for large narrow-body aircraft on domestic ser-
vice at the 41 of the 50 busiest airports in the United States where
doing so would be economically beneficial, the total net savings
would amount to $51 million annually. CO, emissions would fall by
0.5 million tons annually, or about 0.3% of the 144 million tons
of CO, equivalent emitted annually by domestic civil aviation (46).
Though relatively small, this reduction would be accompanied by a

saving of $100/ton of CO, through technology that is already avail-
able. In addition to the savings from reduced fuel burn, the switch
would produce $150 million in annual air quality benefits from
reduced PM, HC, and NO, emissions.

Even under the assumption that aircraft typically taxi for depar-
ture with only one engine running, a switch to the use of tugs would
result in a reduction in CO, emissions; however, these incremental
reductions would come at a cost of more than $300/ton of CO, abated.
If air quality benefits were taken into account, the total impact of
a switch from single-engine taxi to the use of tugs would still be a
small positive number (<$1 million annually).

Electric taxiing could be an attractive way of cutting both emis-
sions and costs, provided the cost of incorporating such a system
into airplanes and its weight were kept low.

This analysis also demonstrates the dangers of aggregating emis-
sions reductions obtained in different ways. For instance, the results
make apparent that single-engine taxiing and the use of tugs are
both attractive ways of reducing emissions when considered in iso-
lation and when compared with taxiing with both engines running.
However, even though an airline that is successful in exploiting
savings from single-engine taxiing could further reduce its emis-
sions by using a tug, that reduction would likely remain unrealized
because the incremental cost associated with making the change
would negate any savings. Clearly, the wide range of costs obtained
under different assumptions suggests that sweeping statements
about the potential benefits and cost of emissions reduction may be
unreliable guides to decision making and might even be misleading.
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The range of logistical challenges associated with the use of tugs
and single-engine taxiing suggests that the efficacy of any measure
depends strongly on the operating environment, which may well
be different for each combination of location, aircraft type, and
airline. For instance, 2011 taxi data show that the average taxi-out
time for Boeing 737 aircraft operated by SouthWest airlines was
slightly more than 10 min. Boeing 737 aircraft operated by all
other airlines taxi for departure for much longer: 17 min on aver-
age. Clearly, SouthWest would have a smaller incentive to adopt the
measures discussed here than would other airlines.

A potential implication for policymakers seeking to reduce green-
house gas emissions from aviation is that putting a price on emissions
but leaving airlines to decide where and how to achieve reductions
could be both more effective and more efficient than prescribing—or
trying to build a consensus for the adoption of—specific measures.

ACKNOWLEDGMENTS

This work was supported by the Center for Climate and Energy Deci-
sion Making through a cooperative agreement between the National
Science Foundation and Carnegie Mellon University; academic
funds through the Department of Engineering and Public Policy at the
Carnegie Institute of Technology dean’s office; and a grant from the
Transportation Research Board, administered by the Airport Coopera-
tive Research Program. The research benefited from the guidance of
Granger Morgan and Paul Fischbeck of Carnegie Mellon. The author
thanks Keith Mew and Randall D. Berg of the Airport Cooperative
Research Program’s oversight panel for their support, as well as
Steven Domino and Juliet Page for their mentorship. The analysis was
informed and greatly improved by conversations with Alon Pereg of
Banner Aviation Group and Ran Braier of Israel Aerospace Industries.
The author thanks them for being extraordinarily helpful.

REFERENCES

1. Lee, D. S., D. W. Fahey, P. M. Forster, P. J. Newton, R. C. N. Wit, L. L.
Lim, B. Owen, and R. Sausen. Aviation and Global Climate Change in
the 21st Century. Atrmospheric Environment, Vol. 43, No. 22-23, July
2009, pp. 3520-3537.

2. Table 4-21: Energy Intensity of Certificated Air Carriers, All Services.
Bureau of Transportation Statistics, 2012. http://2bts.rita.dot.gov/
publications/national _transportation_statistics/html/table_04_21.html.

3. Winchester, N., C. Wollersheim, R. Clewlow, N. C. Jost, S. Paltsev,
J. M. Reilly, and I. A. Waitz. The Impact of Climate Policy on U.S. Avi-
ation. Report 198. Joint Program on the Science and Policy of Global
Change, Massachusetts Institute of Technology, May 2011. http://web.
mit.edu/aeroastro/partner/reports/proj3 1/proj3 1-captraderpt.pdf.

4. Current Market Outlook 2011-2030. Boeing, 2011. Accessed Nov. 19,
2011. http://active.boeing.com/commercial/forecast_data/index.cfm.

5. Directive 2008/101/EC of the European Parliament. European Parlia-
ment and Council. Nov. 19, 2008. http://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=CELEX:32008L0101:EN:NOT.

6. Fuel Expense as Percentage of Total Expense. 2011. Bureau of Transpor-
tation Statistics, U.S. Department of Transportation. http://web.mit.edu/
airlinedata/www/2010%2012%20Month%20Documents/Expense %20
Related/Fuel/Fuel%20Expense%20as%20Percentage%200f
%20Total%20Expense%20%28Excluding%20Transport%20
Related%20Expense%29.htm.

7. Pathways to a Low-Carbon Economy. McKinsey & Co., 2009. https://
solutions.mckinsey.com/ClimateDesk/default.aspx.

8. Schifer, A, K. Boulouchos, P. Dietrich, O. Froidh, W. Graham, R. Kok,
S. Majer, B. Nelldal, F. Noembrini, A. Odoni, I. Pagoni, A. Perimenis,
V. Psaraki, A. Rahman, S. Safarinova, and M. Vera-Morales. Descrip-
tion of the Main S&T Results/Foregrounds. TOSCA Project EC FP7 final

10.

12.

13.

14.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Transportation Research Record 2400

report. May 2011. http://www.toscaproject.org/FinalReports/TOSCA _
FinalReport.pdf.

. Morris, J., A. Rowbotham, A. Angus, M. Mann, and I. Poll. A Frame-

work for Estimating the Marginal Costs of Environmental Abatement
for the Aviation Sector. Cranfield University, Bedford, United Kingdom,
Jan. 2009. http://www.omega.mmu.ac.uk/Downloads/Events/omega%
2014%20final %20draft%20v2%20020309.pdf.

Deonandan, I., and H. Balakrishnan. Evaluation of Strategies for
Reducing Taxi-Out Emissions at Airports. Proc., AIAA Aviation Tech-
nology, Integration, and Operations Conference, 2010. http://www.mit.
edu/~hamsa/pubs/DeonandanBalakrishnanATIO2010.pdf.

. Fuchte, J., N. Dzikus, V. Gollnick, and A. Lau. Potential for Fuel Reduc-

tion Through Electric Taxiing. Presented at 11th AIAA Aviation Tech-
nology, Integration, and Operations Conference, 2011. http://dx.doi.
org/10.2514/6.2011-6931.

Clewlow, R., H. Balakrishnan, and T. G. Reynolds. A Survey of Airline
Pilots Regarding Fuel Conservation Procedures for Taxi Operations.
International Airport Review, Vol. 14, No. 3, May 2010. Accessed
Aug. 19, 2012. http://trid.trb.org/view.aspx?id=920607.

Page, J., K. R. Bassarab, C. M. Hobbs, D. H. Robinson, B. H. Sharp, S. M.
Usdrowski, and P. Lucic. Enhanced Modeling of Aircraft Taxiway Noise.
Vol. 1, Scoping. ACRP Web-Only Document 9. TRB, June 2009. http://
onlinepubs.trb.org/onlinepubs/acrp/acrp_webdoc_009v1.pdf.

Tedrow,S. ContinentalAirlines Eco-Skies Commitmenttothe Environment.
TRB, 2008. http://www.trbav030.0rg/pdf2008/TRB0OS_S_Tedrow_
Continental.pdf.

. Safran and Honeywell Commence Electric Green Taxiing System

Testing. Press release. Honeywell, Dubai, United Arab Emirates.
Nov. 15, 2011. http://honeywell.com/News/Pages/Safran-and-Honeywell-
Commence-Electric-Green-Taxiing-System-Testing.aspx.

. GreenTaxi Electric Drive Taxi System. Press release. Crane Aerospace

and Electronics, July 17, 2012. http://newsroom.craneae.com/2012/07/
greentaxi-electric-drive-taxi-system/.

. Components of WheelTug. WheelTug plc, 2011. http://www.wheeltug.

gi/components.shtml. Accessed Nov. 20, 2011.

FAST 51: Airbus Technical Magazine. Airbus, Jan. 2013. http://www.
airbus.com/fileadmin/media_gallery/files/brochures_publications/
FAST_magazine/FAST51.pdf.

Muller, N. Z., and R. Mendelsohn. The Air Pollution Emission Experi-
ments and Policy Analysis Model (APEEP): Technical Appendix, 2008.
Accessed July 8, 2013. http://www.econ.yale.edu/~nordhaus/Resources/
muller_JEEM_Appendix.pdf.

Glossary. Bureau of Transportation Statistics, U.S. Department of Trans-
portation, 2012. http://www.transtats.bts.gov/Glossary.asp?index=T.
Airline On-Time Performance Data. Bureau of Transportation Statistics,
U.S. Department of Transportation, 2011. http://www.transtats.bts.gov/
Fields.asp?Table_ID=236.

Air Carriers: T-100 Domestic Market (U.S. Carriers). Bureau of
Transportation Statistics, U.S. Department of Transportation, 2012.
Accessed April 29, 2012. http://www.transtats.bts.gov/DL_Select
Fields.asp?Table_ID=258&DB_Short_Name=Air%?20Carriers.
Aircraft Registry. FAA, U.S. Department of Transportation, 2012.
http://www.faa.gov/licenses_certificates/aircraft_certification/
aircraft_registry/releasable_aircraft_download/.

Energy and Environmental Analysis, Inc. Technical Data to Support
FAA’s Advisory Circular on Reducing Emissions from Commercial Avi-
ation. U.S. Environmental Protection Agency, Sept. 1995. http://www.
epa.gov/otag/regs/nonroad/aviation/faa-ac.pdf.

ICAO Engine Emissions Databank. Civil Aviation Authority, 2010.
http://www.caa.co.uk/default.aspx ?catid=702&pagetype=68.
Nikoleris, T., G. Gupta, and M. Kistler. Detailed Estimation of Fuel
Consumption and Emissions During Aircraft Taxi Operations at Dallas/
Fort Worth International Airport. Transportation Research Part D:
Transport and Environment, Vol. 16, No. 4, June 2011, pp. 302-308.
Khadilkar, H., and H. Balakrishnan. Estimation of Aircraft Taxi-Out
Fuel Burn Using Flight Data Recorder Archives. Proc., AIAA Guidance,
Navigation, and Control Conference, 2011. http://www.mit.edu/~hamsa/
pubs/KhadilkarBalakrishnanGNC2011.pdf.

Penner, J. E., D. H. Lister, D. J. Griggs, D. J. Dokken, and M. McFar-
land. Aviation and the Global Atmosphere. Intergovernmental Panel on
Climate Change, 1999. http://www.ipcc.ch/ipccreports/sres/aviation/
index.php?idp=22.

Wade, M. D. Aircraft/Auxiliary Power Units/Aerospace Ground Sup-
port Equipment Emission Factors. U.S. Air Force, Oct. 2002. http://
www.dtic.mil/dtic/tr/fulltext/u2/a412045.pdf.



Vaishnav

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fleuti, E.,and P. Hofmann. AircraftAPU Emissions at ZurichAirport. Unique
(Zurich Airport), Jan. 2005. http://www.zurich-airport.com/Portaldata/2/
Resources/documents_unternehmen/umwelt_und_laerm/Technical_
Report_ APU_Emission_Calculation_Methodology_2005.pdf.

U.S. Gulf Coast Kerosene-Type Jet Fuel Spot Price FOB. Energy
Information Administration, U.S. Department of Energy, 2013. Accessed
July 15, 2013. http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?
n=pet&s=eer_epjk_pf4_rgc_dpg&f=d.

EIA. Gasoline and Diesel Fuel Update. Energy Information Admin-
istration, U.S. Department of Energy, 2011. Accessed Nov. 20, 2011.
http://38.96.246.204/00g/info/gdu/gasdiesel.asp.

US Airways Group Inc. Credit Information. Morningstar.com, 2012
[cited 2012 Nov 27]. http://quicktake.morningstar.com/stocknet/bonds.
aspx?symbol=lcc.

Departure per Aircraft Day—Large Narrowbody Equipment. Airline
Data Project, Massachusetts Institute of Technology, 2013. Accessed
Aug. 14, 2013. http://web.mit.edu/airlinedata/www/2012%2012%
20Month%20Documents/Aircraft%20and%20Related/Large %20
Narrow/Departure%20per%20Aircraft%20Day %20-%20LARGE %20
NARROWBODY %20EQUIPMENT.htm.

Departure per Aircraft Day—Small Narrowbody Equipment. Airline
Data Project, Massachusetts Institute of Technology, 2013. Accessed
Aug. 14, 2013. http://web.mit.edu/airlinedata/www/2012%2012%20
Month%20Documents/Aircraft%20and%20Related/Small%20
Narrow/Departure%20per%20Aircraft%20Day%20-%20SMALL
%20NARROWBODY %20EQUIPMENT.htm.

Fuel Conservation. Boeing Corp., 2004. http://www.jetbrief.com/library/
fuel_conservation.pdf.

EMEP/EEA Air Pollutant Emission Inventory Guidebook—2009.
European—Ukrainian Energy Agency, June 2009. http://www.eea.
europa.eu/publications/emep-eea-emission-inventory-guidebook-2009/
part-b-sectoral-guidance-chapters/1-energy/1-a-combustion/1-a-3-a-
aviation_annex.zip.

Getting to Grips with Fuel Economy. Airbus, 2004. Accessed Dec. 18,
2012. http://www.iata.org/whatwedo/Documents/fuel/airbus_fuel _
economy_material.pdf.

39.

40.

41.

42.

43.

44.

45.

46.

77

Presto, A. A., N. T. Nguyen, M. Ranjan, A.J. Reeder, E. M. Lipsky,
C.J. Hennigan, M. A. Miracolo, D. D. Riemer, and A. L. Robinson.
Fine Particle and Organic Vapor Emissions from Staged Tests of an
In-Use Aircraft Engine. Atmospheric Environment, Vol. 45, No. 21,
July 2011, pp. 3603-3612.

Quinn, C. Use of Towbarless Tractors at Airports—Best Practices.
Research Results Digest 15, ACRP, TRB, March 2012. http://online
pubs.trb.org/onlinepubs/acrp/acrp_rrd_015.pdf.

Perry, A., and R. Braier. System and Method for Transferring Airplanes.
U.S. Patent 8245980, 2012. Accessed July 5, 2013. http://patft.uspto.gov/
netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetaht
ml%2FPTO%2Fsearch-bool.html&r=10&f=G&I1=50&co1=AND&d=PT
XT&s1=%22israel+aerospace+industries %22 & OS=%22israel+aerospac
e+industries%22&RS=%?22israel+aerospace+industries %22.

Perry, A., and R. Braier. System and Method for Transferring Airplanes.
U.S. Patent 7975959, 2011. Accessed July 5, 2013. http://patft.uspto.gov/
netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetah
tml%2FPTO%2Fsearch-bool.html&r=20&{=G&1=50&co1=AND&d=
PTXT&s1=%?22israel+aerospace+industries %22&0S=%22israel+aero
space+industries%22&RS=%22israel+aerospace-+industries %22.
Airport Rules and Regulations. Port Authority of New York and New
Jersey, Aug. 2009. http://www.panynj.gov/airports/pdf/Rules_Regs_
Revision_8_04_09.pdf.

Airbus A320 Product Brochure. Airbus, 2012. http://www.airbus.com/
fileadmin/media_gallery/files/brochures_publications/aircraft_families/
A320_Family_market_leader-leaflet.pdf.

Nicolai, L. M. Estimating R/C Model Aerodynamics and Performance,
2009. http://students.sae.org/competitions/aerodesign/rules/aero_
nicolai.doc.

Transportation’s Role in Reducing U.S. Greenhouse Gas Emissions.
U.S. Department of Transportation, April 2010. http://ntl.bts.gov/lib/
32000/32700/32779/DOT_Climate_Change_Report_-_April_2010_-_
Volume_1_and_2.pdf.

The ACRP Project Panel for the Graduate Research Award Program on Public-Sector
Aviation Issues peer-reviewed this paper.





