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Abstract—Stringent federal and state programs along with
technology innovation have resulted in declining emsions from
static sources (e.g. power plants) and are projeaeto meet
national quality standards by 2025. The same canndte said for
mobile sources of emissions from flight operationat airports. In

the absence changes in airport operations, the farast rates of
growth in flight operations will jeopardize State’s abilities to
lower emissions to meet Federal standards.

Recent studies indicate that 96% of flights in theU.S. accrue
their delays at the airports and directly impact lacal non-
attainment through emissions. This paper examines hé
sensitivity of emission factors (number of enginesengine
efficiency and fleet mix, taxi-out time) through acase-study of
departure operations at Orlando (MCO) and New York-
LaGuardia. Under the assumptions of a representati fleet mix,
departure schedule, runway assignment, and taxi fles, “feasible
single engine” taxi-out procedures reduced emissisn
(CO/NOX/SOxX/HC) by 27% at MCO and 45% at LGA. To
achieve the same level of emissions reduction reces a 25%
decrease in taxi-out time at MCO, and 44% decreasat LGA.

The implications of these results on optimization fo surface
operations to minimize emissions are discussed.

Keywords-component; emissions, noise, surface

optimization,single engine, taxi, fuel, pollutiognvironment.

I INTRODUCTION

Flight operations result in the emission of a hostair
pollutants that adversely affect public health atik
environment. Nitrogen Oxides (NOx) and Hydrocarb@€)
are precursor emissions of ground-level ozone, whkiuses
lung irritation and aggravates diseases such asnastchronic
bronchitis, and emphysema.
cardiopulmonary effects and contribute to
environmental problems such as haze and acid Taixics
such as benzene and formaldehyde are known or kgeoba
human carcinogens.

Stringent Federal and State regulatory programsgalith
innovations in technology, have resulted in sigaifit
reductions in projected emissions from static sesir¢e.g.
power plants) by 2025 to meet Federal standardspg&cet al,
2003, page 1-6). Despite improvements in aircrafgiee
technologies, the forecast growth in flight openasi will yield
large increases in airport emissions. These emissare
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projected to jeopardize the ability of States im-attainment
of criteria pollutant National Ambient Air Qualit$tandards
(NAAQS) from meeting Federal ambient levels of thes
pollutants.

Recent studies indicate that 96% of flights in thes.
accrue delays at the airports as opposed to alaetays (Xu,
2007; Chappell, 2004). These delays are the redutarrier
delays (i.e. gate push-back), delays that are #seiltr of
departures scheduled in excess of the departuezitapf the
airport (i.e. departure congestion), delays thatthe result of
predicted airborne delay (e.g. Miles-In-Trail, Aieze Flow
Program), and destination airport delays (Groundape
Program).

These delays, contribute to local emissions in &xof the
ambient emissions from non-delayed operationseafttport.
This paper examines the sensitivity of emissiontofac
(number of engines, engine efficiency and fleet, raixd taxi-
out time) through a case-study of departure operatiat
Orlando (MCO) and New York-LaGuardia. Under the
assumptions of representative fleet mix, deparsateedule,
runway assignment, and taxi flows, the followingules were
identified:

“Single Engine” taxi-out procedures have the
potential to reduce emissions (CO/NOx/SOx/HC) by
27% at MCO.

“Single Engine” taxi-out procedures have the
potential to reduce emissions (CO/NOx/SOx/HC) by
45% at LGA

To achieve the same level of CO/NOx/SOx/HC
reductions as “single engine” operations, would
require an average of 27% (27, 26, 22, 24)% deereas
in taxi-out time at MCO

To achieve the same level of CO/NOx/SOx/HC
reductions as “single engine” operations, would
require an average of 44% (46, 45, 43, 44)% deereas
in taxi-out time at LGA.

The paper is organized as follows: Section 2 pesidn
overview of aircraft emissions. Section 3 descrifesmethod
of analysis. Section 4 describes the results of ahalysis.
Section 5 the implications of these results onnaigation of
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surface operations to minimize emissions and ordésign of
an Airport Environmental Dashboard are discussed.

It must be noted here that similar research hagqusy
been conducted in the field of single engine taxiiiller et
al. [8] researched the constraints in aviationaagfoperations
and also showed that there were significant benefitsingle
engine taxi procedure. This paper however follolghgy
different sets of assumptions in order to deternairieasible’
single engine taxi procedure.

II.  AIRCRAFTEMISSIONSAND MITIGATION
STRATEGIES

The total emissions burden associated with ailqguetations is
the result of emissions from aircraft, Ground Suppo
Equipment (GSE), Ground Access Vehicles (GAV),itatry
sources, and private vehicles (Cooper, Ulbrich 20B8@ure 1
illustrates the contribution of each of these sesirto NOXx
emissions at Logan airport in 1999.

A. Chemistry of Emissions:

Oxidation of fuel can be represented by the foltayvi
chemical reaction

CnHmM+S+N,+0,® CO,+H,0+N,+0, +
Fulel l | AirI I
NOx+ CO+ SOx+ Soot+ UHC

I
Productsldgal Combustion

NOX Emissions (% of Total)

85%

Figure 1 — Contribution of sources of emissiontotal NOx emissions
at Logan International in 1999.

National Ambient Air Quality Standards

Primary Stds.
0 ppm

(10 mg/m®)
35 ppm

(40 g/
0.033 ppm
(100 pgim?)
0.03 ppm
0.14pom

Pollutant
Carban Monoside

Secondary St
None

Kveraging Times

3-hour

1-hour Mane

hitrogen Diowide finnual (Arithmetic Mean) Same as Prima

Sulfur Oxides Annual (Arith, Mean)
24-hour

3-hour

0.5 ppm
(1300 pg/m®)

Table 1- NAAQS Source- http://www.epa.gov/airferia.html
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Products of Non-ideal Combustion

Aircraft fuel is a mixture of hydrocarbons (essalhyi
kerosene) and sulphur. Its combustion in the prEsenf
oxygen and atmospheric nitrogen (inert), producesersl
products. Some of the products, i.e. carbon dioxidser, left
over nitrogen and oxygen are products of ideal amtibn and
non-harmful to the environment. However, not alltledé fuel
undergoes ideal combustion, resulting in harmfublyducts
like nitrous oxides, sulphur oxides, carbon monexiénd
unburned hydrocarbons.

B. Permissible safe level of the pollutants

The Environmental Protection Agency (EPA), undee th
influence of Clean Air Act, has set National Ambiehkir
Quality Standards for pollutants considered harrfdulpublic
health and the environment. National Ambient Aira(iy
Standards for six principal pollutants, known asitéria’
pollutants, are listed in Table 1. The units of mea for the
standards are parts per million (ppm) by volumd|igrams
per cubic meter of air (mgfn and micrograms per cubic
meter of air (ug/r).

Although most US airports are well within the Natb
Ambient Air Quality Standards (NAAQS) set by EPA
(Environmental Protection Agency), some of the it fall
in the non-attainment zone for ozone for non-coamae with
NAAQS: For example, the state of Texas has fouasatbat
are out of compliance with the NAAQS for ozone, tab
which -- Houston-Galveston-Brazoria and Dallas/fraftorth
-- are also home to major airport facilities. Theuston-
Galveston-Brazoria non-attainment area alone hdstee
major commercial airports: (1) George Bush Intetc@mtal,
(2) William P. Hobby, and (3) Ellington Field. Timallas/Fort
Worth non-attainment area is also host to four cencial
airports: (1)Dallas/Fort Worth International (2) rEdVorth
Alliance; (3) Meacham; and (4) Dallas Love Fielc:vé&ral
airports, including Sacramento International Aitp(BMF),
are located in the Sacramento area of Californihichvis
classified as being in severe non-attainment of dkene
NAAQS. (see Cooper, Ulbrich 2003, pg IV -16 foraiks)

C. Mitigating Aircraft Emissions

There are two approaches to mitigating aircraftssmns
for airport operations (Figure 2). The first apmtoanvolves
improvements in the technology (aircraft enginesl,fand
aircraft design). The second approach is relatechdadifying
airport operations. The following discussion focise airport
operations.

Emission mitigation strategies that do not invatte&nges
to current engine technology or aircraft designiude: (1)
Decreasing Taxi-out time (TOT), (2) Lower Emissipar
passenger through Load Factor and Upguage, (3) dRedu
Power Output during Taxi (see Cooper, Ulbrich 2q88J11 7-
10 for details)

(1) Decreasing Taxi-out time (TOTAircraft emissions of HC
and CO tend to be particularly high during taxioggrations.
Operational changes that reduce aircraft idling tmd time
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directly reduce pollutant emissions. A possible iaptis

Figure 2: Mitigating Aircraft Emissions

“dispatch towing”. High-speed tugs can be used tovenm
aircrafts between the terminal gate and runway reffreéiently
and with fewer frequent stops than with standaractices.
Such tugs have already been tested successfullyirgyn
Atlantic at LAX and SFO. Taxi-times can also byueed by
planning the airport more efficiently. For exampleing a
decentralized gate designs wherein passengersr@ugh to
and from the aircraft by other transport vehickso, if better
dynamic real time estimates of the taxi-out timeenavailable
to the airline and the ground controller, one cqddsibly hold
the aircrafts at the gate (if possible) or askpihet to operate
on fewer engines. There has been some promisinkyiwahis
area recently.(Ganesan, Poornima 2008).

(2) Fleet Airlines can improve their operational efficienby
maximizing the number of passengers on each flitjareby
minimizing emission per passenger. Airlines alreddve
enough profit incentive to increase their “load téas”.
Upguaging is another approach: A single flight sgrvmore
passengers on a larger plane may reduce emissicmsd—
airline costs — compared to multiple flights usiamaller
airplanes to serve the same route. However,
considerations often apply, such as the desirerdvige the
customers with more frequent flight options. Alsepending
on how landing fees may be structured it might berem
expensive to land one large airplane (weight bdarding)
compared to two smaller airplanes.

(3) Reducing Power Output during Taxd\nother way of
reducing aircraft emission is more judicious useaotraft
engines in taxi mode. Most of the modern day dfircase
equipped with two to four engines, one or more bfclv can
be shut down during taxiing. This not only redueesssions,
but allows other engines to operate more efficjefitle. at
higher RPMs) resulting in lower consumption of faeld less
HC and CO emissions per pound of fuel consumedthraa
airport in the United Kingdom already encouragés phactice.
It should be noted that execution of “single engips” is at
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pilot discretion, as engines have their own warmaog cool
down time when they achieve thermal stability.

. METHODFORCOMPUTATIONOF
ENVIRONMENTAL FACTORSFORDEPARTURE

Estimates of emissions from aircraft can be computing
models developed by ICAO or FAA. The FAA model iown
as the Emission and Dispersion Modeling System (EPM
EDMS was developed by the FAA in cooperation whth U.S.
Air Force in the mid 1980's as a complex source
microcomputer model to assess the air quality impzfc
proposed airport development projects. EDMS isgiesl to
include the contribution of airport emission sostce
particularly aviation sources, which consists ofcrafts,
auxiliary power units (APUs) and ground supportipaents.

Emission is calculated using the following formula:
Emissionggramg = TOT(P IXIAV/) * El (grams/ kg) *
Fuel.Flow(kg/ min)*#.0Of .Engines

Each aircraft engine type has its own emission
characteristic. Depending on the engine type le@él<O,
NOx, SOx and HC (Hydro Carbon) emissions may vahjs
information is comprehensively captured in whatadled an
Emission Index (El). The Emission Index is a fuowtiof
engine type, phase of flight (only taxi mode for study) and
pollutant (hence there is an EI corresponding th emategory
of pollutants NOX, SOX etc.). The emission indiees based
on information provided by the engine manufacturarsl
documented by the FAA and ICAO (EPA, 1985) (Langl an
Chin, 1998).

Row # 8 labeled NOX_EI_G_KG means that for every
kilogram (1kg = 2.2 Ibs) of fuel that B767 consumeach of
its 2 engine emits about 3.4 grams of NOXx intoatmeosphere.
Other rows can be interpreted similarly.

Note: We used EDMS as a source of the aircraft &oms
Indices. Even though EDMS is a FAA progeny and idely
accepted in the industry, there are some issueshvare dealt
better in an alternate model called NESCAUM (Ncaite
States for Coordinated Air Use Management). EDMS
simplifies the air fleet mix. Only one (the mostnuoon)

othegngine is assigned to each aircraft. However wevkinat each

aircraft can be outfit with more than one enginpe/ For
example: Boeing 757-200 can be fitted with 4 défertypes of
engine. NESCAUM improves on EDMS by taking a wesght
average of the different engine types used on eadine’'s
fleet of aircraft. The same weighted average meailogy is
followed while calculating the emission indices tbe APUs.
Hence NESCAUM provides a finer and more accuratailde
level than EDMS (Cooper, Ulbrich 2003).

IV. CASESTUDIES:LGA AND MCO

Case studies of Orlando (MCO) and New York —LaGiaard
(LGA) were conducted to understand the factorsc¢batribute
to emissions. Analysis was done for the month bf 2007 for
our case study.
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Taxi-out times and ETMS equipment number were
extracted from the ASPM database (Aviation Safe

ETMS_Name B767

ETMS_Descr Boeing Company B767/CF6-80A
Num_Engine 2

Fuel_Flow 0.150000006

Taxi_Fuel 0.150000006

CO_El_G_KG 28.20000076

HC_EI_G_KG 6.28000021

NOX_EI_G_K 3.400000095

SOX_El_ G_K 1

Table 2 A sample row of EDMS/ICAO database showimgssion
Index of B767s

Performance Metrics database maintained by the HaA) o _ .
individual take-off operations. This study only sarered Figure 3(@)- Emissions on a typical day at MCO yJul4"
departure operations for our study. 2007)

The ETMS equipment number extracted from the ASF
database was then mapped to its corresponding iBmis
Index (EI) number in the EDMS (Emission and Disfmrs
Modeling System) database.

Some assumptions: (1) the study considered onlyngro
operations. Future work will take into account thel
Landing Take-off Cycle (LTO). (2) only considereidceaft
pollution not Ground Service Vehicles etc. See fdu (3)
All aircrafts with the ETMS Equipment number wer
assumed to have the same engine type. This istherlying
principle behind ETMS emission estimating methodglo

A. Daily Emissions Profile

Emissions were estimated using the equations destciin
Section 3. Figure 3 shows the daily profile of esiass for
MCO and LGA. The X axis is the time of day in 15notie
epochs. The Y axis is the pollutant emissions ¢@, HC,
NOx, SOx) weight in grams. The dotted line in eaahve
represents the cumulative emissions over the cafrsee
day. Peak periods result in a steeper rise in timutative

curve. Figure 3(b) — A typical day at LGA (July 9th, 2007)

B. Monthly Emissions Profile

Figure 4 summarizes the monthly emission profilM1&O for
July 2007. The histograms indicate the number g&daith
varying levels of cumulative emissions. The barstenright Figure 5 provides the total emissions per day dver
indicate the days for which the emission level qfaaticular ~ course of the month for each pollutant. The LGA ssiains
pollutant was higher than the rest. The ‘bad’ danesa result are greater than the MCO emissions except on Satsird
of higher taxi out times on those particular dagmde the Comparison between LGA and MCO- Operational anet-le

fleet mix operating at MCO is pretty much constantmix interplay

throughout). Figure 6 shows a comparison of the rate of emissfon
each of the pollutants between MCO and LGA. The it
emissions was derived from only weekday fleet mhd a
schedule for July 2007. The X-axis is the totai-tax time.

C. Comparison between MCO and LGA
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The Y-axis is the total pollutant level. The slagfethe graph
gives the rate of pollution metric tonnes/minutetai out
time. A higher slope represents a higher pollutihept
independent of taxi time. The slope is a produatwhber of
engines, fuel flow and emission index (for the ipatar
category of pollutant).

The MCO fleet exhibits slightly higher average esinss for
the three of the four pollutants than the LGA fleEhe total

Figure 4(a) — Histogram for MCO showing CO, NOX,>sénd HC level for the
month of July 2007.

Figure 4(b) — Histogram for LGA showing CO, NOX, ¥@nd HC level for the
month of July 2007.

daily emissions can be determined by reading um filoe X-
axis total daily taxi-out time to the rate-line atebn reading
across to the Y-axis to the total emissions.

D. Single Engine Taxi Operations

Taxi on reduced engines, such as a single enginddiable
engine aircraft, has the potential to reduce emssby half.
This practice is performed at some airports whenissions
are a concern (e.g. London Heathrow Airport (LHR)).
practice, due to engine start-up and shut-downephoes, the
single engine operations can only be used wherd&days are
anticipated to be in excess of 15 minutes.

Figure 7 illustrates the impact of single-engine far taxi-out
delays in excess of 15 minutes at MCO and LGA. Siaxi-
out times are shorter at MCO, single-engine tativesulted

in an average reduction in emissions of 27%.
CO/NOX/SOx/HC reductions of 27%, 26%, 22%, and 24%

Figure 5 — Comparison of emissions at MCO and L&AJuly 2007
respectively.

Single-engine taxi for taxi-out delays in excesg§®iminutes at
LGA achieved an average reduction of 44%. CO/NOxX/80
reductions of 46%, 45%, 43%, 44% respectively.

One of the main roadblocks with implementing a krengine
taxi policy more stringently is the fact that erggntypically
require about 4-5 minutes of warm up time priotatiee off to
achieve thermal stability. It is counter productiteetaxi on
single engine and then wait at the runway tryingvesm up
the engines. In order to avoid such a situation amdd use
taxi out time prediction in issuing ‘single engirtaxi’
advisories. A robust algorithm for Taxi out timeegiction,
which incorporates and captures the dynamic, stbicha
nature of airport surface operations could helpAhetraffic
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Figure 6 — Comparison of rate of emissions at M@® laGA for July 2007

control and the airlines to make better decisidmmiawhether
or not they should issue a ‘single engine taxi’'isowy to the
pilots. For example, if the Taxi out time is gredtean certain
threshold (say 15 min), one could advise the pibotaxi out
on a single engine for the first 8-10 minutes(dejo@n on the
confidence of prediction in Taxi Out time), and sheave on
fuel and emissions.

V. CONCLUSIONS& FUTUREWORK

The paper examined the sensitivity of the factarstributing
to emissions in taxi-out operations. The resultficate that
under the constraint of a fixed-fleet, schedulenway
assignment procedures, and taxi-out operationglesengine
taxi provides the potential to reduce emissions top
approximately 44%. Under the constraints of a pratt
single-engine taxi procedure, that requires a minmnof 15
minutes taxi, the procedure provides the biggesamriage at
airports with periods of delays in excess of 15utes.

Future Work:

Figure 7: Effect of Single Engine Taxi

This model could then be used to obtain dollars
gained (as a result of lesser fuel burnt) to invers

the airlines.
(3) It is also required to wunderstand the
physical/operational  constraints that prevent

airlines/controller from adopting single engineitax

For example:

- Engine warm up time to achieve thermal stability
( 3-5 minutes)
No tight turns allowed on a single engine
Abnormal weather conditions, i.e. Snow/ice
Uneven ground surface at the airport.
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