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Aviation is responsible for 3.5% of anthropogenic radiative forcing, but its share is
expected to grow. At the same time, as energy prices have risen, airlines have struggled to
maintain profitability. In this context, it is important to understand the costs associated with
different measures to reduce the industry’s environmental footprint. Aircraft are usually
powered by their main engines while taxiing between the gate and the runway. This paper
estimates the cost and emissions reductions associated with using electric, diesel or gasoline
tugs to tow aircraft on the tarmac. It is found that, in the best case, emissions could be cut at
a cost of negative $140 per tonne of CO,. The use of tugs could reduce the CO, emissions
from domestic flights in the US by about 2 million tonnes each year, or about 1.4% of the
total emissions in 2006. For aircraft that already taxi both in and out with only one engine,
additional emissions reductions from using a tug come at a high cost: over $100 per tonne of
emissions abated. This suggests that caution needs to be exercised when savings from
different approaches are combined: savings are often not independent of each other and
cannot simply be added.

. Greenhouse gas emissions from aviation

N 2005 aviation was responsible for 3.5% of total anthropogenic radiative forcing. By 2050, its share is expected

to rise to 4.0-4.7%. Both numbers exclude the impact of aviation-induced cirrus (AIC), which is highly uncertain.
With AIC included, aviation’s contribution to total radiative forcing was between 1.3-10% in 2005, and is expected
to rise to between 2-14% by 2050.

The growth of emissions from aviation is the consequence of two opposing phenomena. First, aviation has
become consistently more efficient. The fuel efficiency of the domestic operations of certified US air carriers rose
by 2.6% annually between 1990 and 2010, while that of their international operations rose by 1.3% each year during
that period.’Analysts (e.g., Winchester et al.®) have assumed that aircraft fuel efficiency will continue to improve at
about 1% per year. Second, passenger numbers are projected to grow at 5% per year up to 2030. At 7.6% per year,
the growth is forecast to be most rapid in China. However, even in North America, where annual growth of 2.8% is
forecast,” the rise in traffic is likely to outpace gains in efficiency, causing total emissions to grow.

In 2008, the European Parliament and Council issued a directive to include aviation in its emissions trading
scheme (EU-ETS) from 2012. The text of the directive makes it clear that it is a response to expectations of rapid
growth in greenhouse gas emissions from aviation.

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.®

The directive has been controversial and may yet be circumscribed.® Nonetheless, airlines have a strong
incentive to reduce fuel consumption.

In 2010, fuel costs constituted 30% of US airlines’ expenses,’ and consumed 29% of passenger revenue.® The US
airline industry has been profitable in only four of the eleven years from 2000 to 2010.° At the same time, the
pressure on airlines to reduce their environmental footprint is likely to continue to grow. Indeed, public resistance to
the expansion of aviation infrastructure might constrain the growth in passenger numbers.*

In this context, it is important for airlines and policymakers to understand the magnitude of emissions reductions
that could be achieved by different measures, as well as what it would cost to achieve such reductions.
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I1. Emission reductions from taxiing with minimal main engine use

A. Prior work

Deonandan & Balakrishnan* estimate reductions in fuel burn (and therefore CO, emissions), as well as
hydrocarbon (HC) and carbon monoxide (CO) emission reductions, that accrue from using only one engine while
taxiing out. They consider domestic commercial flights departing from the fifty busiest airports in the United States,
and conclude that reductions of between 25% and 40% can be achieved in the emissions of each of the three
pollutants considered.

McKinsey & Company*?estimates that, in the global aviation industry, “measures costing less than €60 per
tonne of CO, have an abatement potential of 0.36GtCO; per year in 2030, or 24 per cent [of total emissions]...”

Schafer et al.™® estimate the emissions reductions and associated costs of three technological improvements (1) A
more advanced narrow-body aircraft: 17gCO," of savings per passenger kilometer (pkm) at zero marginal cost per
tonne of emissions avoided, (2) Fast open-rotor aircraft: 27.2gCO, per pkm at a cost of €171 per tCO2, and (3)
Reduced-speed open-rotor aircraft: 34gCO, per pkm at a cost of €158 per tCOs.

Morris et al.** posit that 0.6 million tonnes, or 23% of the UK’s total emissions from domestic aviation in 2020,
could be cut in ways that reduce costs. Projected savings ranged from £187* per tCO, emissions avoided through the
better use of capacity to £20 per tonne of emissions avoided by more efficient air traffic management. Of the
measures with a positive cost, the least expensive was the fitting of winglets wherever possible, at a cost of £20 per
tCO,. The most expensive measures included the replacement of old engines with the newest ones (£206 per tCO,)
and the early retirement of aircraft (E497 per tCO,). The full range of measures considered would result in emissions
reductions of 1.4 million tCO,, or about 54% of the total.

B. Methods and data

The UN’s International Civil Aviation Organization (ICAQ) maintains a database of specific fuel consumption
and emission indices for a large number of aircraft jet engines. The data are provided for four levels of thrust, the
lowest of which is ‘idle’ or 7% of maximum. Throughout this paper, I assume that, when in operation during taxi,
main engines are set to this level of thrust. Nikoleris et al." have pointed out that the actual thrust setting during taxi
may vary between 4% and 9%. However, a study of flight recorder data by Khadilkar and Balakrishnan'® suggests
that — with the exception of large Airbus aircraft such as the A330 and A340, which do not feature in my dataset -
assuming a constant thrust level of 7% during taxi fits actual fuel burn, as measured by the flight data recorder,
well.

This paper estimates the reduction in emissions of fuel burn and CO, that could be achieved if aircraft were to
taxi without the use of their main engines, as well as the costs of the alternatives. The analysis is based on 2011 data
on domestic passenger flights: 6 million flights are included.

Clewow et al.*"report that over half the commercial pilots they surveyed taxied in (after landing) with only one
engine running more than 75% of the time. However, the majority of pilots reported that they taxied out (before
take-off) with both engines running over 90% of the time. As such, | assume in the Baseline scenario that all aircraft
taxi out with all main engines operating, but operate both main engines for the smallest possible duration while

Taxi Out Taxi In

3 mins

Main Engine 1 Main Engine 1
Main Engine 2 Main Engine 2
Tug Tug
APU APU
Pushback - Pushback
Time - Time

Figure 1. Schematic of Baseline scenario. Both engines are operated when the aircraft taxies out. However, both
engines are run only for three minutes when the aircraft taxies in, after which the second engine is switched off.

T Baseline emissions are 76gCO, per passenger kilometer
* Morris et al. assume an exchange rate of $1.86 to £1. The current (Aug. 2012) exchange rate is approximately
$1.57 to £1.
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taxiing in. In particular, I assume that all engines must be run for a minimum of three minutes after landing to allow
them to cool down, 17 after which only one engine is run until the aircraft reaches the gate. A schematic of the
Baseline scenario is shown in Fig. 1.

Taxi Out Taxi In
5 mins 3 mins
Main Engine 1 Main Engine 1
Main Engine 2 Main Engine 2
Tug Tug
APU APU
Pushback > Pushback
Time Time

Figure 2. Schematic of the Single-engine taxi scenario. One of the main engines is used only for five minutes
before take-off (to allow it to warm up) and for three minutes after landing (to allow it to cool down).

While the practice is rare, | also consider a variant (Fig. 2) of the Baseline scenario in which pilots taxi out with
one engine. Tedrow™ indicates that airlines instruct pilots to taxi with one engine as often as possible, and it is likely
that the practice will become more prevalent. As such, it is appropriate that any alternatives to taxiing with main
engines be compared to both two-engine and single-engine taxi out.

In the Tug scenario (Fig. 3), it is assumed that aircraft are towed from the gate to the runway by a tug powered
by diesel, gasoline or an electric battery. This process is called dispatch towing. It is also assumed that the aircraft’s
APU, which is typically turned off during taxi if either of the main engines is on, is operated. With the main engines
turned off, the APU supplies the bleed air necessary to run the aircraft’s air cycle machine and to power its electrical
systems. Emissions from the APU and tugs are taken into account, as are capital, maintenance, fuel and labor costs
associated with their use.

Taxi Out Taxi In
1 mins’ 5 mins 3 mjn5'1. min‘s

Main Engine 1 Main Engine 1
Main Engine 2 Main Engine 2

Tug Tug

APU APU

Pushback Pushback
Time g Time

Figure 3. Schematic of Tug scenario. The main engines are used only for five minutes before take-off and for
three minutes after landing. The actual taxi time may be longer than in the Baseline scenario, depending on
what we assume about the relative taxiing speeds of the aircraft under main engine power and the tug. It is
assumed that one minute is needed to detach the tug during taxi out, and another minute is needed to attach it
after taxi in.

The Tug scenario is compared to both the Baseline and Single-engine Taxi scenarios. Combining emissions
reductions and cost data makes it possible to arrive at an estimate of the cost (or savings) associated with each tonne
of emissions avoided. The Appendix outlines in detail the sources of data used and assumptions made in comparing
the scenarios above. Comparisons are made for all flights, as well as for flights departing from and arriving at the
ten airports with the longest taxi times.

A number of firms (e.g., Honeywell-Safran,*® Crane Aerospace,® WheelTug, Inc. **) are working on an electric-
taxi (e-taxi) system. Such a system would use an electric motor, embedded in the landing gear and powered by the
APU, to propel the aircraft on the ground. I estimate the fuel and cost savings that would be achieved by such a
system, whose operation is described by the schematic in Fig. 4.
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Taxi Out Taxi In

5 mins 3 mins
Main Engine 1 Main Engine 1
Main Engine 2 Main Engine 2
Tug Tug
APU APU
Pushback R Pushback
Time g Time

Figure 4. Schematic of e-taxi scenario. The main engines are used only for five minutes before take-off and for
three minutes after landing.

The capital expense associated with retrofitting the system to existing aircraft, or incorporating it into new ones,
is not known. Therefore, | calculate the cost per tonne of CO, emissions avoided for a range of assumptions about
capital expenditure.

I11. Results

Table 1 shows the savings in costs and emissions that could be attained if aircraft were towed to the runway
using tugs. Emissions reductions are about 1.8 million tonnes of CO,, 1.4% of the total 144 million tonnes of CO,
equivalent that were emitted by US domestic commercial aircraft in 2006.%2 If we assume that the tugs tow the
aircraft at the same speed as it would taxi under its own power, each type of tug would reduce emissions at negative
cost.

Table 1. Fuel, cost and emissions savings resulting from the use of Tugs, relative to the Baseline scenario.
The reduction in emissions is about 1.4% of the total CO, emissions from domestic civil aviation in the
US. Assuming tugs tow aircraft as fast as they currently taxi; the use of tugs saves up to $140 per tonne of
CO, emissions prevented.

Parameters
Fuel for tug Emission-free electricity ~ US grid electricity ~ Gasoline  Diesel
Cost of electricity ($ per kwh) 0.08 0.08

Emission reductions and costs (annual)

Reductions in
Costs (million $) $160 $180 $240 $260
CO, emissions (million kg) 2100 1800 1800 1800

Cost per tonne of reduction in the emissions of
CO, -$80 -$100 -$140 -$140

In an environmental assessment for a new runway at Atlanta’s Hartsfield-Jackson airport, it was assumed that
taxiing speeds were, on average, 17 miles per hour (mph).?® Deonandan & Balakrishnan'' suggest that tugs can
propel the aircraft at only 40% of the speed at which it would normally taxi. In an interview | conducted, one airline
engineer suggested that towing speeds of 13-16 mph were feasible.®

As such, the speed at which aircraft may be towed is uncertain. Fig. 5 shows that tugs would have to tow aircraft
approximately at the same speed as they currently taxi for dispatch towing to be an economical way of cutting
emissions. Fig. 6 summarizes the economics of towing aircraft using tugs, at 70% of the current taxiing speeds, at
ten US airports with the longest average taxi times. While the practice would not be economical if adopted system-
wide, it would still be a cost-effective way of cutting emissions from domestic flights at some US airports. Though it

S Pennock, S. Phone interview with Shawn Pennock, American Airlines. (9 March 2012)
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is not modeled here, slowing down taxiing could contribute to airport congestion, and could therefore be
unacceptable, especially at busy airports.

Cost of CO2 emissions abatement, $ per tonne

$1,600 - Ratio of the speed at which the tug tows the $1,500
aircraft to the speed at which the aircraft
would taxi under main engine power
$1,200
$1,200 - 040% 0O70% ®m100%
$970 $1,000
$800 -
$400 -
$110 $120
$30 20 ] —|
$0 — T $ T T
I ] - i
-$140 -$140 580 5100
-$400 -
Gasoline Diesel Clean electricity ($0.08 Grid electricity ($0.08
per kWh) per kWh)
Fuel for Tug

Figure 5. Regardless of fuel, tugs can reduce emissions at negative costs only if they can tow an aircraft
approximately as quickly as an aircraft taxies under main engine power.

Cost per tonne of CO2
emissions reductions, $ per

tonne

$300

$200

$200 -
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(28) (31) (29) (26) (26) (25) (34) (37) (31) (29

-$100

Airport (Average total taxi time in 2011, in minutes)

Figure 6. If diesel tugs could tow aircraft at 70% of the speed at which they would taxi under main engine
power, they could be utilised to economically reduce emissions at some of the busiest airports in the US

The results summarized in Table 2 show that, if all aircraft taxied in and out with only one main engine running,
additional emissions reductions from the use of tugs — though substantial — would come at a high price ($100-$200
per tonne of CO, emissions abated), even if it were assumed that dispatch towing was as fast as the current mode of

taxi.
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Table 2. Fuel, cost and emissions savings resulting from the use of Tugs, relative to the Single engine taxi
scenario, when the aircraft taxies in and out — for as long as possible — on one engine. While incremental
savings are significant, they come at a relatively high cost.

Scenario parameters

Fuel for taxiing tug Zero-emissions electricity Grid Electricity  Gasoline Diesel

Cost of electricity 0.08 0.08

Emission reductions and costs (annual)

Reductions in

Costs (million $) -$180 -$160 -$100 -$80
CO, emissions (million kg) 970 720 670 760
Cost per tonne of reduction in the emissions of

CO, $190 $220 $140 $100

The data in Table 3 show that, if an e-taxi system could be attached to all aircraft on domestic service in the US,
airlines would reduce costs, fuel burn and emissions in all but the most extreme scenario. A crucial caveat is that
such a system would increase aircraft weight. As such, fuel savings during taxi could be partially (or fully) offset by
additional fuel burn during cruise. I neglect this weight penalty, which could be significant and even exceed the
savings realized during taxi.

Table 3. If an e-taxi system could be fitted to all planes on domestic service, substantial savings in emissions
could be achieved at a negative cost
Scenario Parameters

Savings compared to Baseline scenario Single-engine taxi scenario
Capital cost of fitting e-taxi system ($) 250,000 500,000 1,000,000 250,000 500,000 1,000,000
Emission reductions (annual)

Reductions in
Costs (million $) $530 $420 $220 $190 $90 -$120
CO, emissions (million kg) 2000 2000 2000 880 880 880

Cost per tonne of reduction in the emissions of
CO, -$270 -$220 -$110 -$220  -$100 $140

IV. Discussion

A. Problems associated with the use of tugs for taxiing

In 2006, the Dutch Ministry of Infrastructure and Environment worked with BAA (which operates London’s
Heathrow and Gatwick airports) and Virgin Atlantic Airlines to evaluate the use of tugs while taxiing. The tests —
which involved Boeing 747 aircraft — were discontinued due to “operational difficulties.” A number of these
difficulties were discussed in a report to the Ministry.?* The operators were told that aircraft nose gear assemblies
were not built to withstand the lateral forces associated with being tugged for long periods of time. It is also not
clear that all airports and all runways have routes that allow tugs to safely return after they have detached from the
aircraft (see, for example, Aviation Week & Space Technology).? If dispatch towing were considerably slower than
current taxi speeds, an aircraft would need to be told precisely when and from which runway it is scheduled to take
off sooner than it currently needs to be."* At busy airports, this might be difficult to do. Finally, in planning their
schedules to ensure robust on-time performance airlines would need to account for the fact that a larger proportion
of each gate-to-gate journey is likely to be spent on the ground.
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B. Problems associated with e-taxi

A key determinant of the economics of an e-taxi system is its weight, and the cost of retrofitting it to the aircraft.
Supplying an e-taxi system with enough power to propel the aircraft at sufficient speed might increase both cost and
weight.

Consider an aircraft with mass 75 metric tonnes (e.g., the Airbus A320 family®), rolling on a runway— with
coefficient of friction 0.03*” — at 20mph, or 9 meters per second. This would require about 200kW ™" of power, which
exceeds the capacity of APUs typically fitted to single-aisle aircraft, which are typically rated at less than 200
horsepower, or 150kW.%

Providing sufficient energy to propel aircraft at the required speeds, and run other electrical systems, might
require larger - potentially heavier — APUs, or other technologies (e.g., a battery that charges while the aircraft is at
the gate or during flight, and powers the e-taxi system on the ground).

V. Conclusions and implications for practice

Two measures to curtail the use of main engines while taxiing — the use of tugs and embedding an electric motor
in the nose wheel of the aircraft — were considered, and the cost per tonne of CO, abated estimated.

If we assume that aircraft currently taxi out with both engines running, and taxi in with only one engine running,
the use of tugs during taxiing could save airlines at most $140 per tonne of CO, abated. If we assume that aircraft
typically taxi out with only one engine running, the use of tugs would reduce CO, emissions further. However, these
incremental reductions would come at a cost of over $100 per tonne CO, abated. The use of tugs becomes
uneconomical if we assume that dispatch towing would be significantly slower than current taxiing speeds.

The use of an electric motor — embedded in the landing gear, and powered by the aircraft’s APU — would be an
attractive way of cutting both emissions and costs, provided the costs of incorporating such a system and its weight
could be kept low.

Importantly, the analysis demonstrates the dangers of aggregating savings from different sources. For instance,
the results make it apparent that single-engine taxiing and the use of tugs are both attractive ways of reducing
emissions when considered in isolation, and when compared to taxiing with both engines running. However, even
though an airline that is successful in exploiting savings from single-engine taxiing could further reduce its
emissions by using a tug, that reduction would remain unrealized because the incremental cost associated with it
would be too big. Clearly, the wide range of costs obtained with different assumptions suggests that sweeping
statements about the potential and cost of emissions reduction may be unreliable guides to decision-making, and
might even be misleading.

While the study has focused on emissions of CO,, a significant proportion of the flight’s emissions of HC and
CO are likely to be emitted during taxiing.?” The approaches discussed might also be cost- effective ways of
reducing the emissions of pollutants that are relevant to local air quality (HC, CO and NOy).

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. This may well be different for each
combination of location, aircraft type and airline. For instance, 2011 taxi data shows that the average taxi out time
for Boeing 737 aircraft operated by SouthWest airlines is, on average, just over 10 minutes. Boeing 737 aircraft
operated by all other airlines taxi out for much longer: on average, 17 minutes. Clearly, SouthWest would have a
much smaller incentive to adopt the measures discussed above than would other airlines.

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

Appendix
Data Source Remarks
Fuel consumption and | International Civil This was calculated for each flight, based on the taxi time and type
emissions indices for Aviation of aircraft. BTS On-time Performance data state the tail number of
HC, CO, NOy, and Organisation® the aircraft that was used on each flight. FAA® data was used to
SO, during taxiing identify which aircraft type each tail number corresponded to.

™ The power requirement is calculated as force times velocity, where the force is given by the weight of the aircraft
times co-efficient of friction. As such, Power required = 75,000 kg x 9.81 m/s? x 0.03 x 9 m/s = 198kW
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Data

Source

Remarks

Taxiing-out and
taxiing-in times

BTS On-time
Performance Data®

This information was used to calculate emissions from main
engines in the Baseline scenario, and from the APU in alternate
scenarios. After considering the marginal impact of stops and turns,
Khadilkar and Balakrishnan * conclude that fuel burn is
determined almost entirely by taxi time.

Calculations are based on the 6 million domestic flights that were
operated by major airlines in 2011.

For each flight, the amount of time a tug (and APU) would be
needed for taxi out was calculated by checking if the reported taxi
time was greater than 5 minutes, which is the warm-up time for
which both engines must run. If yes, the amount of time the tug and
APU would need to operate was calculated as the reported taxi
time, less 5 minutes. If no, then it was assumed that tugs could not
be used to dispatch that particular flight. The same analysis was
repeated for taxi in, with a threshold of 3 minutes, which is the
cool-down time for main engines.

CO, emission index of | Intergovernmental Used to calculate CO, emissions from main engines, APUs, and
jet fuel, gasoline and Panel on Climate tugs, after fuel burn is estimated.

diesel Change™

Emissions from EPA eGrid™ Overall US grid data are used for system-wide calculations.
electricity

Horsepower, fuel Energy and For electric pushback trucks, power consumption is calculated by

consumption, load
factor, maintenance
cost of gasoline, diesel
and electric tugs.

Environmental
Analysis, Inc. for
Environmental

Protection Agency?®

assuming that they have the same power output as diesel tugs, are
85% efficient, and charge with 85% efficiency. To estimate the
additional amount of electricity that needs to be generated,
transmission losses of 10% are also assumed. All costs are inflated
at 2% per year to 2011 dollars. All capital costs are amortized at
7%.

Labour costs

BTS Average
Annual Wages and
Salaries®

Each tug is assumed to require one operator. It is assumed that
operators work in two eight-hour shifts (effectively, each piece of
equipment requires two full-time operators). Each operator is
assumed to cost $40,000 per year.

Pushback tug time of
operation per flight

Assumption

It is assumed that a pushback tug operates for 2 minutes per flight.

Unit cost of fuel

For gasoline and
diesel: US EIA
Gasoline and Diesel
Fuel Update®

Electricity is assumed to cost $0.08 per kWh. A sensitivity analysis
was performed by varying this number, but it was found not to have
a significant bearing on the economics, as the capital costs
associated with tugs in general — and electric tugs in particular -

Capital costs
associated with a
taxiing tug

Based on interviews
with airline and
airport managers,
tugs that can propel
narrow-body
aircraft are assumed
to cost $800,000

The cost estimates provided by the experts interviewed are as
below.

Type of tug Cost ($'000s)
Source 17" For regional jet only 400-450

For narrow-body and some wide- 700-900

body

For wide-body 900-1400

* Phone interview with Scott Branderhorst, Delta Airlines. (21 March 2012)
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Source 2% 700

Source 3% For Boeing 767 and below 750-900

Source 4™ 700-800

The cost per tonne of CO, emissions abated is not very sensitive to
the cost of the tug: halving the capital cost would only reduce the
per-tonne cost of abatement by 30%

For electric tugs, the size of battery needed was calculated
assuming that the tug would need to carry 16 hours (two shifts) of
charge. The additional cost of the battery was estimated at $300 per
kwh.*

Number of tugs needed
at each airport

Calculation

The total number of minutes for which tugs would be needed to tow
aircraft at each airport was calculated, based on data about taxi
times, and assumptions about the speed of dispatch towing relative
to current taxi speeds. The time needed to attach and detach tugs
was accounted for.

In addition, it was assumed that 50% of the time, tugs would have
to roll back empty (without an incoming aircraft in tow) after
dispatching an aircraft; and that 50% of the time, tugs would have
to roll out empty (without a departing aircraft in tow) to pick up an
incoming aircraft.

It was assumed that each tug would be available for 80% of the 16
hours (960 minutes) that each airport operated daily.

Model of APU used in
each aircraft type; and
estimates of fuel burn

rate

Fleuti and Hofmann
for Ziirich Airport,®
Energy and
Environmental
Analysis, Inc. for
Environmental

Protection Agency?

The aircraft type was identified using tail numbers from BTS data,
and the FAA aircraft registry. APU type was identified once aircraft
type was known.

Number of e-taxi
systems needed

BTS On-time
Performance Data®

It was assumed that every aircraft on domestic service would have
an e-taxi system installed on it. The number of aircraft is identified
from Bureau of Transportation Statistics (BTS) delay data: this data
lists every domestic flight undertaken by a major US airline, and
includes the tail number of the aircraft used for it. | estimated the
number of aircraft on domestic service in the US by calculating the
number of unique tail numbers in the dataset for 2011.
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