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1. EXECUTIVE SUMMARY

Lead (Pb) is a well-known air pollutant that can lead to a variety of adverse health
impacts, including neurological effects in children that lead to behavioral problems,
learning deficits, and lowered 1Q. Concerns regarding the adverse health effects of
exposure to airborne Pb resulted in its classification as an air pollutant pursuant to the
Clean Air Act in 1976, followed by the requisite enactment of a health-based National
Ambient Air Quality Standard (NAAQS) for Pb in 1978 (set at 1.5 micrograms per cubic
meter based on quarterly average concentration).

During the 1970s, the primary source of airborne Pb in the United States was the
combustion of leaded gasoline in motor vehicles. Phase-out of leaded gasoline use in
motor vehicles began in the mid-1970s with the introduction of catalytic converters, and
the use was banned after December 31, 1995. The elimination of leaded gasoline use in
motor vehicles left ore and metals processing, waste incinerators, utilities, lead-acid
battery manufacturing, as well as the combustion of leaded aviation gasoline in piston-
engine powered aircraft, as the major sources of airborne lead emissions.

In October 2008, the U.S. Environmental Protection Agency (EPA) promulgated a new
Pb NAAQS that lowered the acceptable level by an order of magnitude, to

0.15 micrograms per cubic meter based on a rolling three-month average concentration.
In addition to promulgating the new Pb NAAQS, in December 2010 EPA revised
requirements for ambient Pb monitoring around facilities known to have substantial Pb
emissions. These facilities include airports with sufficient piston-powered aircraft
activity that they are estimated to have annual Pb emissions of 1.0 ton or more. In
addition, EPA is currently engaged in a monitoring study of 15 additional airports with
estimated annual Pb emissions between 0.5 and 1.0 ton to investigate whether airports
with this range of Pb emissions that meet additional criteria described by EPA that may
have the potential to cause violations of the Pb NAAQS (U.S. EPA 2013).

In light of the above, the Airport Cooperative Research Program (ACRP) initiated ACRP
Project 02-34 entitled “Quantifying Aircraft Lead Emissions at Airports.” The first
primary objective of this study is to review and improve upon existing methodologies to
quantify and characterize aircraft-related Pb emissions at airports with significant
populations of aircraft that use leaded aviation gasoline. The second primary objective is
to create a guidance document that explains the refined methodology for quantifying
airport Pb emissions such that it can be readily implemented by airports around the
country seeking to assess the importance of aircraft-related Pb emissions at their
facilities. This report focuses only on the first objective.

-1-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22142

Quantifying Aircraft Lead Emissions at Airports

Given the objective of reviewing and improving methods for quantifying aircraft-related
lead emissions, the study involved the following five major phases:

1.

2.

A review of existing methodologies for quantifying aircraft-related Pb emissions;

Development of a refined methodology for estimating aircraft-related Pb
emissions inventories that addresses shortcomings with existing methodologies
identified during the critical review;

Conducting month-long field studies at each of three selected airports to gather
site-specific data regarding aircraft activity, the lead content of aviation gasoline
used at the airport, and data regarding ambient Pb concentrations, Pb particle size
distributions, and Pb isotope ratios;

Application of the refined methodology to develop Pb emission inventories for
three selected airports using both readily available activity data as well as the site-
specific data; and

Validation of the refined methodology through comparison of dispersion
modeling results based on the inventory computed using site-specific data with
ambient Pb measurements made during the field study.

During the course of the review of existing aircraft Pb quantification methodologies,
issues and data gaps were identified in the following key areas:

Information regarding airframes and engines;

Engine fuel consumption rates and modal load assumptions;

Aviation gasoline lead concentrations;

Engine lead retention;

Aircraft time in mode;

Total aircraft operations, aircraft fleet operations, and temporal variations;
Contribution of non-combustion sources of lead;

Validation of emission estimates; and

Proper documentation of data and results.

Based on the results of the critical review, a refined methodology for quantifying aircraft-
related Pb emissions was developed and applied to estimate calendar year 2008 and 2011
aircraft-related Pb emissions. Emissions inventories resulting from engine exhaust were
prepared using publicly available data for three selected airports with substantial piston-
engine aircraft operations: Richard Lloyd Jones Jr. Airport (RVS) in Tulsa, OK;
Centennial Airport (APA) in Denver, CO; and Santa Monica Municipal Airport (SMO) in
Santa Monica, CA. The key differences between the refined methodology and the
existing methodologies include the following:

-2-
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e Expansion of the number of aircraft and engine types considered;

e Use of brake specific fuel consumption and engine load data by mode to estimate
fuel consumption instead of volumetric fuel flow rates;

e Use of the Federal Aviation Administration’s (FAA’s) Traffic Flow Management
System Counts (TFMSC) database at https://aspm.faa.gov/TFMS/sys/ for the
distribution of piston-powered aircraft operations;

e Use of FAA’s Type Certificate Data Sheets (TCDS) to obtain engine
characteristics data for piston-powered aircraft;

e Use of FAA’s U.S. registration counts for the distribution of engines within a
given piston-powered aircraft; and

e Use of FAA’s General Aviation and Air Taxi Activity (GAATA) Survey defined
at the regional level for the fraction of civilian operations of total piston-powered
aircraft operations.

In addition, the refined methodology was applied for calendar year 2011 at each airport
using site-specific data gathered during the field studies regarding aircraft fleet
characteristics, activity, and gasoline Pb content to estimate engine exhaust emissions.

Annual Pb exhaust emissions as estimated using the refined methodology with publicly
available data for 2008 are compared to the estimates obtained using existing methods in
Table 1. The two results for Santa Monica Airport reflect differing assumptions
regarding operational modes that were also used with the refined methodology. As
shown, the differences in emission estimates for APA and RVS were relatively large and
of opposite sign, while those for SMO were smaller. Also of note is that the refined
methodology predicated higher emissions for two of the three airports.

Annual Pb exhaust emissions as estimated using the refined methodology with publicly
available data for 2011 are compared to the estimates obtained using the refined
methodology with site-specific data in Table 2. Again, two results are shown for Santa
Monica Airport based on the use of publicly available data reflecting the differing
assumptions in operational modes discussed above, but both are compared to a single
value obtained using the site-specific data gathered during the field study. As shown,
use of the site-specific data resulted in lower estimated Pb emissions in all cases, with the
differences being substantial in most cases.

The site-specific data gathered during the field studies were also used to develop
temporally and spatially resolved inventories for selected days on which ambient Pb

concentrations were measured. These inventories were used as input to the AERMOD
dispersion model to compute 12-hour average “modeled” concentrations that could be

-3-
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Table 1
Estimated Calendar Year 2008 Pb Emissions (tons per year)
APA RVS SMO 1 SMO 2
Existing Methodologies 0.73 1.17 0.33 0.13
Refined Methodology 1.95 0.69 0.43 0.16

Note: The two results for Santa Monica Airport reflect differing assumptions regarding operational modes.

Table 2
Estimated Calendar Year 2011 Pb Emissions (tons per year)
APA RVS SMO 1 SMO 2
Refined Methodology —
Publicly Available Data 1.76 0.48 0.38 0.14
Refined Methodology —
Site-Specific Data 0.26 0.18 0.12 0.12

Note: The two results for Santa Monica Airport reflect differing assumptions regarding operational modes.

compared to the monitored values in order to evaluate the performance of the refined
methodology. These data are shown in Figure 1 for RVS, where the best agreement
between modeled and monitored concentrations was observed. Data for APA, where the
poorest agreement was observed are shown in Figure 2 and indicate an overprediction of
ambient Pb levels. Finally, as shown in Figure 3, data for SMO indicated relatively good
agreement except for two weekend days (shown as triangles) when the monitored
concentrations were far higher than those modeled. Similar comparisons of modeled
versus monitored concentrations made using the refined methodology but with publicly
available data all showed poor agreement.

Finally, the field study data also allowed assessment of the relative importance of
resuspended lead (as opposed to Pb from only exhaust emissions) to total lead
concentrations. Based on the comparisons of Pb concentrations in total suspended
particulate (TSP) and fine particulate matter (PM5) measured at the three field study
sites, what is believed to be resuspended lead in the coarse particle size range was
observed to account for about 20-30% of the lead found in TSP. Furthermore, based on
analysis of lead isotopes present in the samples collected at the field sites, the original
source of the lead found in the coarse particle range appears to be the combustion of
leaded aviation gasoline.

-4-
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Figure 1
Modeled versus Measured PM, s-PbAt the RVS North Site
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Figure 2
Modeled versus Measured PM, s-Pb at the APA Central Site
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Figure 3
Modeled versus Measured PM, s-Pb Concentrations at the SMO Northeast Site
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2. INTRODUCTION

Lead (Pb) is a well-known air pollutant that can lead to a variety of adverse health
impacts, including neurological effects in children that lead to behavioral problems,
learning deficits, and lowered 1Q. Concerns regarding the adverse health effects of
exposure to airborne Pb resulted in its classification as an air pollutant pursuant to the
Clean Air Act in 1976, followed by the requisite enactment of a health-based National
Ambient Air Quality Standard (NAAQS) for Pb in 1978 (set at 1.5 micrograms per cubic
meter based on quarterly average concentration).

During the 1970s, the primary source of airborne Pb in the United States was the
combustion of leaded gasoline in motor vehicles. Phase-out of leaded gasoline use in
motor vehicles began in the mid-1970s with the introduction of catalytic converters, and
the use was banned after December 31, 1995. The elimination of leaded gasoline use in
motor vehicles left ore and metals processing, waste incinerators, utilities, lead-acid
battery manufacturing, as well as the combustion of leaded aviation gasoline in piston-
engine powered aircraft, as the major sources of airborne lead emissions.

In October 2008, the U.S. Environmental Protection Agency (EPA) promulgated a new
Pb NAAQS that lowered the acceptable level by an order of magnitude, to 0.15
micrograms per cubic meter based on a rolling three-month average concentration. In
addition to promulgating the new Pb NAAQS, in December 2010 EPA revised
requirements for ambient Pb monitoring around facilities known to have substantial Pb
emissions. These facilities include airports with sufficient piston-powered aircraft
activity that they are estimated to have annual Pb emissions of 1.0 ton or more. In
addition, EPA is currently engaged in a one-year monitoring study of 15 additional
airports with estimated annual Pb emissions between 0.5 and 1.0 ton to investigate
whether airports with this range of Pb emissions that meet additional criteria described by
EPA may have the potential to cause violations of the Pb NAAQS (U.S. EPA 2013).

In light of the above, the Airport Cooperative Research Program initiated ACRP Project
02-34 entitled “Quantifying Aircraft Lead Emissions at Airports.” The first primary
objective of this study is to review and improve upon existing methodologies to quantify
and characterize aircraft-related Pb emissions at airports with significant populations of
aircraft that use leaded aviation gasoline. The second primary objective is to create a
guidance document that explains the refined methodology for quantifying airport Pb
emissions such that it can be readily implemented by airports around the country seeking
to assess the importance of aircraft-related Pb emissions at their facilities. This report
focuses only on the first objective.
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Given the objective of reviewing and improving methods for quantify aircraft-related
lead emissions, the study involved five major phases:

1.

2.

A review of existing methodologies for quantifying aircraft-related Pb emissions;

Development of a refined methodology for estimating aircraft-related Pb
emissions inventories that addresses shortcomings with existing methodologies
identified during the review for application at three selected airports;

Conducting month-long field studies at each of three selected airports to gather
site-specific data regarding aircraft activity, the lead content of aviation gasoline
used at the airport, and data regarding ambient Pb concentrations, Pb particle size
distributions and Pb isotope ratios;

Application of the refined methodology to develop Pb emission inventories for
three selected airports using site-specific data; and

Validation of the refined methodology through comparison of dispersion
modeling results based on the inventory computed using site-specific data with
ambient Pb measurements made during the field study.

The results for each phase of the study are documented in the five chapters that follow.

HiH
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3. REVIEW OF EXISTING METHODS FOR QUANTIFYING
AIRCRAFT-RELATED LEAD EMISSIONS

In its simplest form, the methodology for quantifying lead emissions from an individual
aircraft during a given airport operation (e.g., taxiing) requires only the following
information:

e The engine fuel flow rate during the operation in units of volume or mass of fuel
consumed per unit time;

e The lead content of the fuel in units of mass of lead per unit volume or mass of
fuel consumed;

e The amount of lead that is retained in the engine or exhaust system as a
percentage of total lead consumed; and

e The amount of time required to conduct the operation.

However, the amount of information needed expands dramatically when quantifying the
aircraft-related lead emissions at a given airport over any significant length of time. The
expanded data needs typically include the following:

¢ Relationships between engine fuel flow and engine load for all of the different
types of engines used in aircraft operating at the airport;

e Engine loads during each aircraft operating mode (idle/taxi, run-up, takeoff,
climb-out, and approach) for all of the different types of aircraft in operation at
the airport;

e The gasoline lead content and lead retention rate for all of the different types of
aircraft in operation at the airport;

e The duration of each of the different operating modes for all of the different
types of aircraft in operation at the airport; and

e The number of each type of aircraft in operation at the airport and the operations
in which they are engaged.
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Furthermore, to the extent that one seeks to use aircraft-related Pb emissions data in
combination with air quality models to estimate ambient Pb concentrations at points in
and around the airport, information is also needed regarding spatial and temporal patterns
of aircraft activity as well as relevant meteorological data.

Because of the scope and complexity of the information needed to quantify aircraft-
related lead emissions for a given airport and the resources required to obtain that
information, many simplifying assumptions are typically required. Obviously the types
of information that are actually used and the nature of the assumptions that are made have
the potential to substantially affect the quality of the estimates of Pb emissions occurring
at an airport. Given this, the goal of this phase of the study was to critically review
existing methods used to quantify aircraft-related Pb emissions in order to assess the
information and assumptions upon which they are based and to develop approaches that
can be used to improve quantification of airport Pb emissions.

3.1 Literature Search

The review began with a search of the technical literature related to the quantification of
aircraft-related lead emissions. Over 70 related documents were identified and are
summarized in the annotated bibliography provided in Appendix A. As a review of the
bibliography shows, many of the identified documents, while related to aircraft lead
emissions, were not directly relevant to existing methodologies used for quantification of
Pb emissions at airports. The methodologies described in the directly relevant studies are
summarized below, along with key sources of existing information.

3.2 Summary of Existing Methodologies and Information Sources for
Quantifying Aircraft-Related Lead Emissions

3.2.1 EPA Methodologies

AP-42 — The general method by which air emissions are quantified from aircraft had its
origination in the Compilation of Air Pollutant Emissions Factors, Third Edition (AP-42)
published by the U.S. Environmental Protection Agency (EPA) (U.S. EPA 1977).
Therein, times in mode of operation (TIM) for piston-powered general aviation (GA) and
military aircraft within the Landing-Takeoff Cycle (LTO)—representing taxi-out, takeoff,
climb-out, approach and taxi-in operations—are presented. Additionally, modal fuel
flow rates and emissions factors for select criteria pollutants emitted from the Continental
0-200 and Lycoming O-320 model piston engines are provided. The fuel flow rates
reported for these engines are summarized in Table 3 below. Notably, a methodology for
quantifying aircraft Pb emissions is not addressed in this document.
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Table 3
Original Fuel Flow Rates from AP-42
Fuel Flow Rate per Mode of Operation (lb/hr)
Engine Model Taxi/ldle Takeoff Climb-out Approach
Continental O-200 7.68 48.4 48.4 21.3
Lycoming O-320 13.0 65.7 63.5 23.1

Source: U.S. EPA, “Compilation of Air Pollutant Emissions Factors, Third Edition” (1977)

As part of the Emissions Inventory Improvement Program (EIIP) in the early 1990s, EPA
updated its guidance for preparing emissions inventories in a ten-volume series. The
updated guidance for aircraft emissions inventories was presented in Procedures for
Emission Inventory Preparation Volume IV: Mobile Sources (known as Procedures
Volume 1V) (U.S. EPA 1992).

With respect to GA aircraft emissions, the methodology was updated to provide an
approach for quantifying emissions if the specific aircraft fleet mix and engines were
known, as well as an alternate approach involving fleet average emissions factors if the
only data available were the level of LTOs at a facility as reported in the FAA’s Air
Traffic Activity publication.

Procedures Volume 1V also improved the methodology by providing guidance on the
adjustment of approach and climb-out TIM calculations to account for local mixing
height, generally defined as the atmospheric ceiling above which vertical mixing of air
(and air pollutants) does not occur. Again, however, no methodology specific to
estimating Pb emissions from piston-engine aircraft was provided, although the fuel
consumption data provided for piston engines were expanded slightly to include the
Continental TSI0-360C engine model.

Table 4 summarizes the fuel consumption and TIM information for piston-engine aircraft
provided in Procedures Volume IV. Values published for the O-200 and O-320 engine
differ slightly than those previously provided in AP-42.

National Emissions Inventory — Pursuant to the Consolidated Emissions Reporting Rule
(CERR) promulgated in June 2002, EPA began preparing the National Emissions
Inventory (NEI) on a three-year cycle (U.S. EPA 2002). The NEI catalogs emissions
from point, non-point, area, mobile, and stationary sources by state and county.

In estimating aircraft lead emissions for the 2002 and 2005 NEI, EPA relied on a
methodology developed for use with on-road vehicles designed to operate on leaded
gasoline (U.S. EPA 1998). The methodology accounted for piston-engine Pb emissions
by taking the total gallons of aviation gasoline (avgas) produced in 2002 and 2005 and
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Table 4
Updated Fuel Flow Rates from AP-42
Fuel Flow Rate per Mode of Operation (lb/hr)
Engine Model Taxi/ldle Takeoff Climb-out Approach
Continental O-200 8.4 45.0 45.0 25.8
Continental TSIO-360C 11.4 133.2 99.6 61.2
Lycoming O-320 9.6 88.8 66.6 46.8

Source: U.S. EPA, Procedures for Emissions Inventory Preparation Volume 1V: Mobile Sources (1992)

factoring it by the American Society of Testing and Materials (ASTM) maximum
allowable Pb concentration in 100 low-lead (100LL) aviation gasoline (2.12 grams
Pb/gallon avgas) and assuming that 25% of the Pb consumed was retained in aircraft
engines. The 25% Pb retention assumption was developed using data from
measurements made in the exhaust from vehicles operating on leaded fuel. The resulting
national Pb aircraft emissions estimates were then apportioned to 3,410 airports based on
the level of piston-engine aircraft activity reported in the FAA’s Terminal Area Forecast
(FAA TAF) for the year in question.

In a technical support document and guidance document issued in 2008, EPA first
described the calculation of Pb emissions from piston-powered aircraft based on the use
of aircraft-specific emission factors and activity data (U.S. EPA 2008). This
methodology focused on refining Pb estimates specific to the LTO cycle. These
refinements are summarized below.

1. Computing single- and twin-piston-engine LTOs based on the FAA’s General
Aviation and Air Taxi Activity Survey (GAATA) compiled in 2005.

2. Applying times in mode for piston-engine aircraft operations contained in
Procedures Volume 1V to fuel flow rates for piston-engine aircraft available in the
FAA’s Emissions and Dispersion Modeling System (EDMS) to compute single-
and twin-engine fuel consumption values per LTO in combination with an
aviation gasoline density of 6 Ibs/gallon. Table 5 presents the EDMS engine fuel
flow data.

3. Computing a weighted-average fuel consumption value per LTO, according to the
proportions that 90% of landings reported in the GAATA Survey were completed
by single-engine aircraft and 10% were completed by twin engine aircraft. The
resulting factor was 7.34 g Pb/LTO.

4. Reducing the assumed Pb retention factor from 25% to 5%.
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Table 5
EDMS Fuel Flow Rates

Fuel Flow Rates by Mode of Operation (Ib/hr)
Engine Model Taxi/ldle Takeoff Climb-out Approach
Continental 6-285-B 72.1 153.0 166.0 83.3
Continental 10-360-B 8.1 103.0 717 36.6
Continental O-200 8.3 45.2 45.2 25.5
Continental TSIO-360C 11.5 133.3 99.2 61.0
Lycoming 10-320-D1AD 7.8 91.7 61.4 37.6
Lycoming O-320 94 88.9 66.7 46.5
Lycoming T10-540-J2B2 25.0 259.7 204.5 99.2
Wright R-1820 88.9 1165.9 861.9 323.0

Source: Federal Aviation Administration Emissions and Dispersion Modeling System (version 5.0.2)

This general methodology was also used with some revisions to generate the 2008 NEI
estimates. (ERG 2011). For example, EPA expanded the list of data sources used to

compute LTOs at GA facilities for which data are available (ERG 2011).

These sources

include the FAA Form 5010, FAA’s Operations Network (OPSNET) and ATADS and
TAF databases, and the Bureau of Transportation Statistics (BTS) T-100 database.
Furthermore, an approach was outlined to estimate LTO activity based on the number of

GA aircraft based at a facility if LTO data are unavailable:

LTOs = 1293 + 203 * (# based aircraft) + 0.0019 * (county population) —
473 * [Alaska — 144 * (AlaskaXaircraft)]

Where:

e LTOs = Landing Takeoff Operations (i.e., 1 landing + 1 takeoff)
e [Alaska — 144 * (AlaskaXaircraft)] = correction factor to account for the
effect that aircraft based in Alaska have on the suitability of the equation

For facilities with neither LTO data nor aircraft-based data, EPA proposed that the
bottom 10% of LTO values calculated according to the equation above was representative
of the missing activity. Additionally, EPA considered the median number of LTOs
reported at heliports as representative of helicopter activity at facilities where data are

unavailable. Finally, EPA provided an estimate of Pb emissions occurring outside of the
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LTO cycle during the cruise mode of operation, apportioned to individual states based on
their share of the national general aviation and air taxi LTOs used in the NEI.

The NEI documentation acknowledges that its methodology would benefit from the
following improvements (ERG 2011):

1. Use of airport-specific LTO and TIM data, and an improved process by which
LTOs are computed from the number of aircraft based at the airport if LTO
information is not available;

2. Use of gasoline Pb concentrations based on data specific to the fuel being supplied
at an airport; and

3. Fuel consumption rates specific to the fleet mix operating at an airport.

3.2.2 Other Methodologies

Harris and Davidson calculated Pb emissions from piston aircraft operating within the
South Coast Air Basin (SCAB) of southern California by inputting 2001 LTO data from
facilities within the basin into EDMS (Harris and Davidson 2005). For this assessment,
aircraft activity was modeled in EDMS using the Cessna 172, Piper PA28 and Cessna
150 aircraft types, assuming a 64.9-minute total flight duration, and that 42.1% of this
average flight activity occurs below the local atmospheric mixing height (27.3 minutes).
Sulfur dioxide (SO,) emissions calculated by EDMS were converted to Pb emissions by
applying a speciation factor of 0.739 and an uncertainty estimate of 17.5%, resulting in
an overall emissions inventory of 267 kg of Pb per year in the SCAB.

Detailed studies of Pb emissions have also been conducted at SMO, each of which
included emissions inventories prepared using distinct methodologies. At the behest of
the Santa Monica Airport Working Group, Piazza (1999) computed emissions of Pb at
SMO using SMO-supplied aircraft fleet and activity data, engine emission factors from
AP-42 and the FAA’s Aircraft Engine Emission Database (FAEED), and the calculations
outlined in Procedures Volume 1V. Notably, default LTO times in mode were applied in
the study.

On behalf of EPA, ICF International prepared a Pb emissions inventory based on 2008
piston-engine aircraft activity at SMO (ICF International and T&B Systems 2010, Carr et
al. 2011). Activity data were obtained directly from the airport and used as inputs to the
2008 NEI methodology to estimate Pb emissions. Fuel consumption was calculated
based on an 11.8-minute LTO cycle (compared to the 27.3 minutes used in previous
studies). The ICF methodology applied at SMO included two modes of operation that
were previously unaccounted for in the then-existent methodologies: aircraft run-up and
landing. The inclusion of engine run-up was a significant improvement, as this mode
commonly occurs in order to perform safety checks. Moreover, sensitivity analysis
conducted by ICF showed engine run-up to be one of the most important factors related
to total aircraft-related Pb emissions at SMO. The study also accounted for fuel
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consumption during landing based on the assumption that engines would operate at full
load.

Run-up fuel consumption rates were obtained from operational manuals for the 10-360,
10-320, GS0-480, 10-550, T10-540-J2B2, and TSI0-550 engines. When averaged,
these yielded a rate of 13 gallons per hour for twin-engine aircraft and 7 gallons per hour
for single-engine aircraft. Based on the two most common piston engines in the aircraft
fleet at SMO (i.e., the 10-360 and the 10-320), a fuel consumption rate of 5 gallons per
hour was ultimately selected.

Piston-powered helicopter activity was accounted in the ICF study based on a 20-minute
LTO cycle and an average Pb emission rate of 6.6 grams per LTO. Notably, 25% of the
LTO activity reported for helicopters was assumed to be conducted by piston-engine
powered machines, based on estimates from the airport operator.

3.2.3 Swiss Federal Office of Civil Aviation Methodologies and Data

The Switzerland Federal Office of Civil Aviation (FOCA) has collected emissions and
fuel consumption data on many types of piston-powered aircraft and helicopter engines,
and has published guidance on the calculation of emissions and fuel consumption
resulting from their operation. Table 6 summarizes piston-engine fuel consumption rates
per mode of operation collected by FOCA (Switzerland Federal Office of Civil Aviation
2007).

FOCA has also developed a relationship between fuel flow and shaft horsepower (HP)
for piston helicopter engines (Switzerland Federal Office of Civil Aviation 2009). Times
in mode associated with the FOCA helicopter emissions estimation methodology
comprise 5 minutes total ground idle time, 3 minutes takeoff time, and 5.5 minutes
approach time. Notably, fuel flow rates derived for 172 distinct helicopter airframe/
piston-engine combinations, as computed using the equation below, are also provided.
Fuel Flow (kg/s) = 1.9%10%* SHP* - 10°*SHP® + 2.6*10"*SHP? + 4*10°*SHP + 0.006
Where:

e SHP = Shaft Horsepower; assuming operation at 20% maximum SHP
during idle;

e 95% maximum SHP during takeoff, 60% maximum SHP during approach;
and

e 90% maximum SHP during cruise.
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Table 6
Swiss FOCA Fuel Flow Rates
Fuel Flow Rate per Mode of Operation
Horsepower (I7hr)

Engine Model (HP) Taxi/ldle | Takeoff | Climb-out | Approach
10-320-DIAD 160 7.9 92.1 61.1 37.3
10-360-A1B6 200 11.1 107.9 84.1 49.2
10-540-T4A5D 260 19.8 132.5 117.5 58.7
10-550-B 300 30.2 144.4 142.9 77.8
0-200 100 7.9 45.2 45.2 25.4
0-320-E2A 150 10.3 79.4 63.5 38.1
0-360-A3A 180 12.7 95.2 81.0 42.9
0-540-J3C5D 235 12.7 131.7 1111 52.4
Rotax 582 DCDI 64 4.8 31.7 28.6 12.7
Rotax 912 80 9.5 30.2 24.6 14.3
Rotax 912S 100 4.0 42.4 32.7 18.3
Rotax 914 114 14.3 57.1 44.4 23.0
TAE-125-01 135 2.4 50.8 40.5 19.8
T10-540-J2B2 350 25.4 259.5 204.8 99.2
TSI0-360C 225 11.1 133.3 99.2 61.1
TSI10-520-WB 325 48.4 214.3 182.5 1111
Unspecified < 200 HP 150 9.5 88.9 66.7 46.8
Unspecified > 500 HP 1200 7.9 1780.2 356.4 174.6
Unspecified 201 to 300 HP 225 11.1 133.3 99.2 61.1
Unspecified 301 to 500 HP 350 25.4 259.5 204.8 99.2

Source: Switzerland Federal Office of Civil Aviation, 2007.

3.2.4 Additional Piston-Engine Fuel Consumption Data

Fuel consumption rates from select piston aircraft engines have also been collected
through a series of technical reports prepared by both the FAA and the Coordinating
Research Council (CRC) as part of a series of tests conducted on the viability of unleaded
fuel alternatives to avgas (Atwood 2007, Atwood 2009, Atwood and Camirales 2004,
Atwood and Knopp 1999, Coordinating Research Council 2010). These rates were
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collected at varying engine power settings, many of which do not directly correspond to
those assumed in the existing emissions inventory methodologies.

Figure 4 shows the covariation of mass fuel flow (in Ibs/hr) with brake specific fuel
consumption (BSFC, in lbs/hp-hr) for a sample of engine test data taken from these
studies, representing a variety of engines (e.g., 10-540-K), power settings (e.g., 100%,
85%, 75%), and fuel blends (e.g., 100LL, UL). Relationships shown by the data in
Figure 4 include the following:

e BSFC and mass fuel flow values typically decrease as engine power setting
decreases;

e TSIO and TIO series engines typically have the highest fuel consumption rates in
the data set in terms of both BSFC as well as mass fuel flow, indicating that these
engines operate at higher horsepower ratings;

e The 10-320 series engine consumes the least amount of fuel compared to other
engines for which data are available; and

e With a few exceptions, each engine data series shows good linear correlation
between BSFC and mass fuel flow (r*> 0.9).

Most significantly, Figure 4 demonstrates the utility of using BSFC to estimate fuel
consumption for estimating Pb emissions from piston-engine aircraft because it allows
fuel consumption to be varied as a function of engine load instead of having to obtain
measured or estimated mass fuel flow rates for each power rating.

3.3 Issues Identified During the Review

The major issues identified with the information and assumptions used in current
methodologies for estimating aircraft-related lead emissions are discussed below.

3.3.1 Information Regarding Airframes and Engines

Fuel consumption rates can vary between fixed-wing, experimental, light-sport, and
rotorcraft types of airframes defined by FAA. However, existing emissions inventory
methodologies do not segregate aircraft operations by airframe type for the purposes of
calculating lead emissions from those aircraft equipped with piston engines. This is due
in part to the lack of readily available data sources that adequately characterize operations
by airframe type and also indicate how engine technology and usage (i.e., type and
number of engines equipped to the airframe) can vary by airframe type.
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Figure 4
Covariation of BSFC with Mass Fuel Flow
(Legend: Engine, Fuel, % Throttle)
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To address this issue, data regarding observed aircraft operations or data from provided
airport records could be used in combination with the FAA’s Tail Number Registry and
Type Certification database to determine specific airframe types and engines in operation
at an airport, to the extent tail number information is available for the facility.

Alternatively, the FAA’s TFMSC (previously the Enhanced Traffic Management System
Counts, ETMSC) database could be used to obtain type data for aircraft using the facility.
However, this approach is not likely to be as robust as the approach described above
because, although TFMSC captures the vast majority of operations, it may not provide
full coverage of certain localized types of flights. TFMSC data report predominantly
instrument flight rules (IFR) flights, which are a minority of the types of flights
conducted at many general aviation airports where visual flight rules (VFR) flights (e.g.,
training flights, recreational flying) are a significant fraction of total piston-engine
powered aircraft operations. With that understood, cross-referencing of the TFMSC data
with state/local level records from the Tail Number Registry could aid in engine selection
by highlighting which engines are the “most flown” in the area for a given TFMSC
aircraft type.

3.3.2 Engine Fuel Consumption Rates and Modal Load Assumptions

Engine fuel consumption rates in existing methodologies are cast in terms of the mass of
fuel used per unit time in a given mode and are generally based on data from EDMS that
represent only a limited number of piston engines. Furthermore, these limited data are
then averaged to yield one single-engine and one twin-engine fuel consumption rate,
which are then combined into a single fuel consumption rate based on the assumed
proportions of single- and twin-engine aircraft. It is further assumed that the fuel
consumption rates are transferable across aircraft of varying sizes and with different
engine technologies. Similarly, as noted previously, during recent assessments of Pb
emissions at SMO, the methodology used was improved by accounting for Pb emissions
during engine run-up mode. However, the fuel consumption rates for run-up were
averaged based on single- and twin-engine aircraft most frequently in use based on the
available operational data. Additionally, landing mode fuel consumption rates used in the
most recent SMO study incorrectly assumed that engines would be operating at full load
when, in fact, they operate at idle.

The issues identified above could be addressed by developing BSFC rates for piston
engines rather than using a generalized mass fuel flow rate for a limited set of single- and
twin-engine aircraft. Using this approach, modal variations in horsepower and load
factor can be incorporated into the fuel consumption and emissions calculations for the
taxi/idle, takeoff, climb-out, approach, landing and run-up modes of operation,
accounting for variations in engine performance within these modes. BSFC values can
be extracted from either manufacturer specifications or from existing data published by
the Switzerland FOCA, the FAA, and the CRC. The lack of available BSFC information
for every type of engine may, however, preclude a complete characterization of total fuel
consumption across the entire piston-powered aircraft fleet at a facility. Where data are
unavailable for a specific engine(s), it is possible to estimate BSFC based on data
available for other similar engines.
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Additionally, although modal load factors are available for the more traditional modes of
operation within the LTO cycle, factors for new modes (i.e., run-up/maintenance), as well
as refinements to existing modes (i.e., continuous lowering of load during approach and
landing), can be developed using assumptions regarding average engine load either
assigned directly from available engine test data or interpolated using fuel consumption
relationships obtained from the Swiss FOCA data or other similar sources.

3.3.3 Aviation Gasoline Lead Concentrations

The general practice at present is to use a fuel-based Pb emissions factor developed using
the ASTM maximum allowable concentration of Pb in 100LL aviation gasoline, which is
2.12 g/gallon. However, a recent survey of 89 aviation gasoline samples from FAA fixed
base operators (representing nine refineries) indicated Pb concentrations ranging between
about 1.3 and 2.1 g/gallon. Additionally, 23 aviation gasoline samples obtained from
engine manufacturers for use in certification testing exhibited Pb concentrations ranging
between 0.3 and 2.2 g/gallon (Coordinating Research Council 2011). Material Safety
Data Sheets (MSDS) available from aviation gasoline producers (British Petroleum 2011,
Chevron Global Aviation 2003, ConocoPhllips 2010, Shell Energy North America 2003,
Petro-Canada 2009, Phillips Petroleum 1998) corroborate this variance in the
concentration of Pb actually contained in 100LL aviation gasoline blends compared to the
ASTM maximum, demonstrating that the local sources of aviation gasoline supply may
be influential in refining airport emissions inventories.

Given that aircraft-related Pb emissions are directly proportional to the amount of Pb in
the fuel, under ideal circumstances the actual concentration of lead in the fuel being used
by each aircraft would be available for use in preparing an airport Pb emission inventory.
Given that these data do not exist, the next best alternative is to use data regarding the Pb
concentrations present in the fuel being dispensed at the airport.

In general, Pb concentration data should be available for each load of aviation gasoline
delivered to an airport or each batch of fuel to the extent that aviation gasoline is
delivered to an airport by pipeline. However, these data may be unavailable from airport
operators or fuel suppliers, and manufacturers may consider the information proprietary.
Alternatives include historic data and forecast Pb usage levels from airport fuel suppliers
or the best available existing data regarding Pb concentrations as a function of fuel grade,
geographic region, and season from published sources.

3.3.4 Engine Lead Retention

The fraction of total lead in the fuel consumed by an aircraft engine that remains in the
engine and exhaust system is another key parameter that has to be accounted for during
inventory preparation. lIdeally, lead retention data, which would be expected to vary
somewhat with engine technology and exhaust system design, would be available on an
aircraft-specific basis; however, data at this level of detail are not available.
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As noted above, EPA’s original methodology for calculating Pb emissions from piston
aircraft within the NEI assumed that 25% of the Pb consumed by the engine was retained
in the engine oil based on data from automobiles designed to operate on leaded fuel.
More recently, Petersen (2008) performed a study that estimated lead retained in aircraft
engines to be 5%. This study included quantification of the concentrations of lead in
used and new fuel lubricants for a sampling of in-use piston engines, the results of which
are summarized in Table 7 to estimate the amount of lead retained in engine oil. A
representative value for lead retained in engine oil and an estimate of lead retained in the
engine itself from the Swiss FOCA were then used along with an estimate of the lead
consumed in fuel to arrive at the 5% retention value.

In the absence of additional data, this 5% retention rate currently represents the best
available information for inventory preparation. However, additional research in the area
would be useful to confirm the value.

Table 7
Piston-Engine Oil Data
Sample Lead (ppm) Test Hours Sump Capacity (quarts)

10-360 2,453 50 8
0-300 3,605 25 8
0-320 1,726 20 8
0-320 2,911 20 8
C-85 3,747 21 45
10-360 2,017 40 8
0-235L2C 5,797 100

0-300 4,456 40 8
10-550 5,536 50 12
0-320 D2J 10,286 100 8
New Unused Oil 226 0 0

Source: Petersen 2008

3.3.5 Time in Mode

The piston-engine aircraft TIM data currently utilized in quantifying aircraft-related lead
emissions are summarized in Table 8. EPA’s NEI methodology has historically utilized
the EPA/ICAOQ (International Civil Aviation Organization) standard TIM reported in
Table 8, while the Switzerland FOCA methodology has its own set of standard times.

For comparison purposes, times in mode for select GA airports are also provided in

Table 8, demonstrating that facility-specific data, including fleet mix and taxi patterns,
are important factors to consider in estimating TIM values. Specifically, taxi times

-21-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22142

Quantifying Aircraft Lead Emissions at Airports

Table 8
Time-in-Mode Comparison
Piston Aircraft Times in Mode (minutes)
Taxi Climb-

Facility Run-up | (ldle) | Takeoff out |Approach| Total
EPA/ICAO Default -4 16.0 0.3 5.0 6.0 27.3
FOCA Default -- 12.0 0.3 2.5 3.0 17.8
DMW (Carroll County
Regional Airport, Maryland) B > 12 L7 74 154
DPA (DuPage Airport, _ 139 | 16 | 22 8 25.8
Illinois)

GED (Sussex County

Airport, Delaware) B 9.9 16 3.1 [ 223
LSZB - circuit (Bern

Airport, Switzerland) B 111 03 13 3.6 16.3
LSZB-LTO - 11 1.0 3.5 7.5 23.0
MWC (T_|mmerman Airport, B 86 18 19 79 19.4
Wisconsin)

SGJ_(Northgast Florida B 73 21 54 79 19.7
Regional Airport)

SMO 1.5 7.4 0.3 1.3 1.3° 11.8
TPF (Peter O Knight

Airport, Florida) B 36 16 23 72 14.5
VDF (Tampa Executive

Airport, Florida) - 5.2 15 2.3 7.2 16.1

a. Dashes indicate that data are not available.
b. Includes landing

Sources: Switzerland Federal Office of Civil Aviation, U.S. Environmental Protection Agency, and KB
Environmental Sciences, Inc., Carr et al. 2011.

utilized in emissions inventories at the reported facilities are significantly lower than both
EPA/ICAO and FOCA defaults. Conversely, takeoff times utilized in the emissions
inventories are somewhat higher than both the EPA/ICAO and FOCA default values. For
climb-out, the FOCA default TIM approximates the airport-specific times, while the
EPA/ICAO default may be more representative for the approach mode of operation based
on the presented data. Another important component to TIM calculation for takeoffs and
landings is the local atmospheric mixing height above which Pb emissions are not
allocated to the airport emission inventory.
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Overall, the data show considerable variation in TIM values, and TIM data collected at
specific airports show that fleet mix, the local mixing height (which affects TIM for
takeoffs and landings), and taxi patterns can have a significant bearing on actual TIM
values. Given the above and the importance of accurate TIM data to the accurate
quantification of Pb emissions, the best approach is to develop airport-specific TIM
values. This could be done through surveys of airport personnel designed to obtain as
much airport-specific information regarding TIM as possible or through a dedicated on-
site data collection effort. The latter approach should include observations on aircraft
speeds, taxi-paths, and taxi-path distances, and applying them to available runway usage
data for various types and/or categories of aircraft.

3.3.6 Total Aircraft Operations, Aircraft Fleet Operations, and Temporal Variations

Total Operations — Ideally, the data used to estimate total aircraft operations at a facility
should be segregated by engine category (e.g., turboprop) and operational category (e.g.,
military); however, review of existing methodologies and data sources indicates that
robust data are readily available only by operational category. In light of this, the
primary approach recommended for this parameter is to acquire data from airport flight
strips, counter systems, fixed base operator (FBO) logs, and/or other sources such as
direct observations that may be available at a given airport.

Absent the types of data described above, the FAA’s ATADS provides another source of
total aircraft operations data, with those operations categorized as (1) air carrier, (2) air
taxi, (3) general aviation, or (4) military. Furthermore, ATADS data are available for
approximately 540 airports within the FAA’s National Plan for Integrated Airport
Systems (NPIAS). The remainder of the operational data for the over 3,400 hub, non-
hub, and general aviation facilities in the NPIAS are based on the FAA’s Terminal Area
Forecast (TAF) database.

Aircraft Fleet Operations — Ideally, once total operations in each category are computed,
they should, as discussed below, be allocated to each airframe in the fleet, with emphasis
on being able to adequately represent the proportions of operations within each category
at the facility. As above, airport-provided data sources such as flight strips, counters, and
data logs would be primarily consulted.

An alternative approach, to be used in instances where the above approach is not feasible,
could be to use the FAA’s TFMSC database to obtain operational data for each type of
aircraft using the facility. TFMSC provides information on operations by category (e.g.,
air taxi), airframe (e.g., Learjet 35) and engine type (e.g., jet) for the subset of operations
conducted under filed flight plans, or recorded under instrument flight rules (IFR). This
approach is considered less desirable because, although TFMSC captures the vast
majority of operations, it may not provide full coverage of certain localized flight types
common to general aviation airports.

Temporal Variations in Aircraft Fleet Operations — In addition to characterizing aircraft
fleet operations in general, it may be important—particularly if modeling of ambient Pb
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concentrations at an airport is going to be performed—to characterize temporal variations
in those operations. For example, given that aircraft usage can vary by season, month, or
day of the week, resolution of that variation will improve airport Pb emission inventories
that are prepared for similar time frames. Again, the primary recommendation for
addressing temporal variations in the aircraft fleet is to use data based on direct
observations at airports. Alternatively, the TFMSC database could be used, again with
the caveat that it may not provide full coverage of certain localized flight types.

3.3.7 Non-Combustion Sources of Lead

While current methodologies for quantifying aircraft-related lead emissions focus only on
emissions from the combustion of leaded aviation gasoline, monitoring studies have
identified elevated concentrations of Pb in soils at and surrounding airports, ranging
between 21.7 and 232.5 g of Pb per kg of soil. However, most of the research in this
area has failed to demonstrate a clear spatial relationship linking soil concentrations with
airport activity (Conor Pacific Environmental Technologies 2000, ICF International and
T&B Systems 2010, Lejano and Ericson 2005, Young et al. 2002). Regardless of
whether lead in soils at airports is due to aircraft operation, assessments of total Pb
emissions at airports and, in particular, studies focused on the contribution of airports to
Pb concentrations in TSP or PM3 should consider contributions from dust resuspension.

Ideally, in order to estimate total airport lead emissions and airport contributions to
ambient lead concentrations, data would be available regarding lead concentrations in
soils and dust at the airport, as would data regarding soil entrainment and dust
re-suspension rates. Unfortunately, these data are not generally available and are difficult
to estimate. In the absence of data addressing non-combustion sources of lead from
special airport-specific studies, the alternative is to use some combination of default local
airport soil lead concentrations in conjunction with current EPA methodologies for
estimating dust re-entrainment.

3.3.8 Validation of Emission Estimates

As discussed in detail above, quantification of aircraft-related Pb emissions is complex
and requires many assumptions that are likely to have varying degrees of accuracy.
Given this, some studies use air quality modeling and gather ambient Pb monitoring data
in order to validate the accuracy of emissions inventories. This type of study requires
that the emission inventory include highly detailed information regarding the temporal
and spatial distributions of aircraft operation and Pb emissions. Results are usually
presented in terms of a comparison of modeled to monitored emissions for specific time
periods.

Figure 5 provides an example of data from such a study performed by Carr et al. (2011)
at SMO. The model tends to be biased high (especially in the winter) but, overall, there

is good agreement between measured and modeled PM-Pb concentration values, with an
absolute fractional bias of 0.29 for the winter data and 0.07 for the summer data.
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Figure 5
Model-to-Monitor Comparison at SMO
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3.3.9 Proper Documentation

A general finding throughout the literature search of existing emissions inventory
methodologies, as well as airport-specific emissions inventories, was a lack of sufficient
detail to allow emissions inventory results to be recreated. Inadequate documentation
included, but was not limited to, the following:

e Specification of operational data sources with inadequate detail on how they were
accessed, used, and manipulated for the purposes of preparing an emissions
inventory;

e Specification of TIM with inadequate detail on how it was either empirically
observed or calculated from obtained data;

e Lack of detail on averaging methods and operational assumptions (i.e., load
points, horsepower) in developing fuel consumption rates used for piston-engine
aircraft in existing emissions inventories; and

e Incomplete documentation of supporting data or communications that guided
underlying assumptions.
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Clearly, proper documentation of aircraft Pb inventories is important because it ensures
reproducibility, which aids in validation, and helps identify potential sources of erroneous
results that could be avoided by refining assumptions or adjusting the fidelity at which
each inventory parameter is treated. In order to ensure that proper documentation is
being provided, the technical issues outlined below need to be addressed in detail.

Fleet Identification

For each aircraft category (i.e., GA, air taxi, helicopter), specify which
airframe/engine combination was assumed.

Specify how many engines are equipped to the aircraft and, to the extent
possible, how the engine is configured (i.e., HP rating).

Detail sources of fleet data, when they were accessed, and which time
period(s) they cover, and summarize how they were processed or manipulated.
Provide end results (i.e., fleet mix).

Operational Specifications

Specify the level of operations for each aircraft/engine combination in the
fleet, which sources of data were consulted to develop the operational levels
(and when), and how the operational levels were derived.

Identify data sources and assumptions used to compute aircraft TIM and how
TIM was computed, and summarize results for each fleet member and each
operational mode.

Per mode of operation, indicate assumptions or empirical data used to assign
engine load points to aircraft fleet.

Emissions Factor/Fuel Consumption Derivation

For each member of the fleet, identify sources of modal fuel consumption data
and present calculation steps based on observed/assumed operational
parameters. Provide all rates utilized in the emissions inventory, per fleet
member and operational mode.

Indicate the fuel Pb concentration(s) used in emissions factor development
and present data and the rationale for these values used.

HiH
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4. DEVELOPMENT AND APPLICATION OF A REFINED
METHODOLOGY FOR QUANTIFYING AIRCRAFT-RELATED
LEAD EMISSIONS

Based on the review of existing methods described in the previous chapter, a refined
methodology for quantifying aircraft-related lead emissions was developed and applied at
three selected airports for calendar years 2008 and 2011 based on publicly available data
sources. The following three airports were selected:

e Richard Lloyd Jones Jr. Airport (RVS) in Tulsa, OK;
e Centennial Airport (APA) in Denver, CO; and
e Santa Monica Municipal Airport (SMO) in Santa Monica, CA.

The selection of these airports was made in light of considerations related to the field
studies described in Chapter 5 and the basis for their selection is addressed there.

There were two objectives associated with developing the emission inventories for the
three airports. The first of these was to provide a basis for comparison of the results
obtained using the refined methodology with those obtained using two existing
methodologies: (1) the EPA 2008 NEI methodology (U.S. EPA 2012, ERG 2011), and
(2) that applied by ICF at SMO (ICF International and T&B Systems 2010). The second
objective was to use the refined inventory results as inputs for air quality modeling that
was performed in order to guide the design of the field studies discussed in the next
chapter.

Publicly available data were used for development of the refined inventories because
aircraft-related Pb emissions historically have generally been quantified using only
publicly available data (due at least in part to the resources required to obtain site-specific
data) and this approach would also provide a basis for comparing these results with the
results obtained using the site-specific data collected in the field studies (as discussed in
Chapter 6).

The remainder of this chapter discusses development of the refined methodology,
provides a detailed description of the input data and assumptions required, presents the

results, and lastly compares the results to results obtained from application of other
existing methodologies.
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4.1 Methodology Overview

Calendar year 2008 and 2011 inventories were prepared for each airport (APA, RVS, and
SMO) using the methods and data sources represented by the flow chart depicted in
Figure 6, which presents a schematic overview of the methodology and data sources. The
key steps and public data sources used are outlined below.

1.

The engine fuel consumption rate data collected for this project were converted to
BSFC rates and then extrapolated to include all unique engines found in the
underlying activity databases.

The ATADS data provided the total airport operations by calendar year.

The Traffic Flow Management System Counts (TFMSC) database provided the
distribution of piston-powered aircraft operations at each airport.

FAA’s Type Certificate Data Sheets (TCDS) provided the engine characteristics
data of piston-powered aircraft.

FAA’s U.S. registration counts provided the distribution of engines within a given
piston-powered aircraft.

The FAA’s General Aviation and Air Taxi Activity Survey provided the fraction
of civilian operations coming from piston-powered aircraft; note that these data
are reported at the national and regional level, but are not airport specific. Use of
the regional values is applied in this methodology.

Additional details of the development of the inventory methods are contained in
Section 4.2.

Finally, Table 9 provides a comparative summary of the inventory modeling parameters
for this analysis versus those used in the 2008 NEI and the ICF SMO study which are
also described in Section 4.2.
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Figure 6
Flow Chart of Airport Inventory Development Methods
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Table 9
Comparative Summary of Methodologies
Parameter Current Study 2008 NEI ICF SMO
Aircraft Total FAA’s Air Traffic FAA’s ATADS and | Airport-supplied data
Operations Activity Data System Terminal Area
(ATADS) Forecast (TAF)
Aircraft Fleet FAA’s Traffic Flow FAA’s General Airport-supplied
Operations Management System | Aviation and Air Taxi | separate fixed-wing
Counts (TFMSC); Activity Survey and rotorcraft
FAA’s General operations
Aviation and Air Taxi
Activity Survey
Airframe and Engine FAA’s Type None None
Technology Certificate Data
Sheets (TCDS) and
U.S. registration
counts
Engine Fuel Expanded underlying | Simple average over 7 | Simple average over 7

Consumption Rates

database to 29
engines; converted
fuel consumption

rates to BSFC,;

EDMS engines;
separate averages for
single- and twin-
engine fixed-wing

EDMS engines;
separate averages for
single- and twin-
engine fixed-wing

extrapolated rates to craft craft; separate average
all engines evaluated for rotorcraft
Modal Load EDMS load EDMS load EDMS load

Assumptions

assumptions; specific
approach for run-up

assumptions

assumptions; specific
approach for run-up;
specific approach for

landing
Time in Mode (T1M) Used FAA/EPA FAA/EPA defaults SMO-specific
default and ICF SMO assumptions
study values
Lead Concentration in 2.12 g/gal 2.12 g/gal 2.12 g/gal
Fuels
Lead Retention Rate 5% 5% 5%

4.2 Required Inputs and Assumptions

Described below are the inputs and modeling assumptions used in the inventory analysis
for the three airports of APA, RVS, and SMO in 2008 and 2011. This discussion is
divided into the following topics:
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Fuel consumption rates;

Piston aircraft and engine distributions;
TIM assumptions;

Total operations;

Piston operations; and

Remaining assumptions.

Fuel Consumption Rates — The fuel consumption rates historically utilized by EPA are
based on FAA EDMS data, representing a limited piston-engine database of eight piston
engines, of which seven were used by EPA for inventory calculations. These data were
augmented with the additional available data identified in this course of this project
(Switzerland Federal Office of Civil Aviation 2007, Atwood 2007, Atwood 2009,
Atwood and Camirales 2004, Atwood and Knopp 1999, Coordinating Research Council
2010). In aggregate, for the inventory methods described herein, a total of 29 unique
engines were identified with suitable fuel consumption data for inventory development,
of which 28 were ultimately used in the inventory calculations.

In the inventory analysis, separate fuel consumption rates were estimated for the
following five individual engine operation modes:

Idle/taxi;
Takeoff;
Climb-out;
Approach; and
Run-up.

Of these modes, the first four are the standard modes preexisting within the EDMS
model, and those on which historical airport inventory estimates have been typically
based. A greater amount of fuel consumption data exists for the four standard modes.
The fifth mode, run-up, is a more recent addition to the inventory methods (it was
included in the ICF study but not the 2008 NEI) and is also included in this analysis. As
described below, the fuel rate methodology of run-up mode was handled distinctly based
on a lesser amount of data available.

The fuel consumption rate method for the four standard modes was further refined for
this analysis by converting the fuel rates (i.e., rates reported in the units of mass per unit
time) to BSFC rates (i.e., rates reported in terms of mass of fuel consumed per unit work
done by the engine). BSFC is a measure of engine efficiency, and is a suitable metric for
extrapolating fuel consumption rates from one engine to another, with the implicit
assumption that the efficiency of the engine (by operation mode) is equivalent across
engines of similar technology.

Ib
b ) Fuel RateMode(hrj
hp—hr ) Load,,, x Rated Power(hp)

BSFCMode(
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Load, as defined in this equation, represents the fraction of engine rated power applied at
each mode, and load times rated power equals the power output of each mode. Loads for
fixed-wing aircraft were assigned as 7, 45, 85, and 100% for idle/taxi, approach, climb-
out and takeoff, respectively. Two key points as related to the load assignment of each
mode should be noted.

e The assumed 7% load for idle/taxi operation is not exact (whereas the loads
assumed for the other three modes are explicitly stated in the test procedures on
which the data are based). Fuel consumption testing of idle/taxi was generally
completed at “manufacturer recommended settings” and the individual load point
or power output may not be reported. Because the load point is variable for the
idle/taxi mode, this mode exhibits the greatest variation within the fuel
consumption data assembled.

e Load assumptions for rotorcraft differ from fixed-wing aircraft. The Swiss FOCA
recommends loads of 20, 60, and 95% for idle/taxi, approach and climb-out/
takeoff, respectively (Switzerland Federal Office of Civil Association 2009).

Note that rotorcraft were not present in the activity data used in this inventory
analysis.

The BSFC data for 29 engines were organized by the following technology groups:

4-stroke horizontal spark ignition (SI) engine, carbureted (8 engines);
4-stroke horizontal SI engine, fuel injected (8 engines);

4-stroke horizontal SI engine, turbocharged (9 engines);

4-stroke radial SI engine (2 engines);

2-stroke horizontal SI engine (1 engine); and

4-stroke compression ignition (CI) engine (1 engine).

The separation of 4-stroke horizontal engines into three groups was based on a statistical
assessment finding that the data from at least one mode of operation were significantly
distinct at the 90% confidence level. Generally speaking, the order of efficiency
observed is fuel injected > carbureted > turbocharged, which matches engineering
expectations. These three engine technologies represent the vast majority of activity at
each airport. Of the remaining three technology groups, 2-stroke horizontal SI engines
were not found in the activity data, so this engine type did not factor into the inventory
analysis; otherwise, both radial SI and CI engines were present in the activity data.

The BSFC data were grouped by technology, manufacturer, and model number. With
respect to the model number, suffix letters were not included. For example, the
horizontal carbureted Lycoming 320 engine (i.e., Lycoming O-320) has been
manufactured with approximately 60 distinct engine models when suffix letters are
included (e.g., Lycoming O-320-B1A). Within this analysis, only the base model number
was considered and suffix letters were not distinguished in the matching of aircraft to
BSFC rates.
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For 8 of the 29 engines (3 horizontal SI fuel injected and five horizontal Sl
turbocharged), fuel consumption rates were collected for only two of the four modes
(takeoff and climb-out); the two modes of approach and idle/taxi were not recorded. For
these eight engines, the BSFC values for approach and idle/taxi were scaled from the
takeoff BSFC rate using the average BSFC ratios calculated from the set of engines
within the same technology group that were tested at all four modes. The ratios of 1.015
(idle/taxi-to-takeoff) and 0.971 (approach-to-takeoff) were used for the horizontal fuel
injected SI engines, and the ratios of 1.326 (idle/taxi-to-takeoff) and 0.978 (approach-to-
takeoffO were used for the horizontal turbocharged Sl engines.

Table 10 shows the final compilation of “gasoline” BSFC data by technology and unique
aircraft engine (defined by technology, manufacturer and model number). Key notes on
these data are summarized below.

e A “default” value is estimated for each technology group with more than one
engine represented. The default value is the average for all engines in that
technology group.

¢ Instances where modal BSFC rates for approach and idle/taxi data include values
extrapolated from ratios (as noted above) are shown in bold type in Table 10.

e The BSFC for the horizontal CI engines is intentionally listed as zero, which is
how these are treated in the inventory calculations. Because the CI engines are
fueled with either diesel or jet fuel, these piston engines do not consume gasoline
and produce no lead emissions.

e Inreviewing these data, it is pertinent to note that aircraft are engineered for
maximum efficiency (i.e., lowest BSFC) at cruise (approximately 65% load).
Therefore, engineering expectation is that BSFC would reach a minimum
somewhere between the approach and climb-out modes.

Within the activity data collected (described further below), 147 unique piston engines
were found to be operating at the three airports in either calendar year. A distinct engine
in this case is defined by the unique combination of the following identifiers:

e Technology group (as defined in Table 10);
e Manufacturer,

e Model number (excluding suffix letters); and
e Engine rating (HP).
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Table 10
BSFC Data for Fixed-Wing Aircraft Operation Modes
Gasoline BSFC (Ib/hp-hr)
Manufacturer & | Test | Takeof | Climb-

Technology Group Model Number | Engines f out | Approach | Taxi/ldle
4-Stroke Horizontal CI* |All n/a 0.000 | 0.000 0.000 0.000
4-Stroke Horizontal SI, |Default 8 0.514 | 0.528 0.557 1.370
Carbureted Lycoming 320 2 | 0561|0511 | 0.627 0.938

Lycoming 360 1 0.529 | 0.529 0.530 1.008
Lycoming 540 1 0.560 | 0.556 0.496 0.772
Rotax 912 2 0.401 | 0.373 0.402 1.134
Continental 200 1 0.452 | 0.532 0.567 1.186
gé)sntinental 6- 1 0.537 | 0.685 0.650 3614
4-Stroke Horizontal SI, |Default 8 0.518 | 0.490 0.503 0.902
Fuel Injection Lycoming 320 > | 0535|0459 | 0503 | o0.781
Lycoming 360 1 0.540 | 0.495 0.547 0.793
Lycoming 540 2 0.490 | 0.501 0.479 0.953
Continental 360 1 0.572 | 0.469 0.452 0.643
Continental 550 2 0.493 | 0.519 0.533 1.158
4-Stroke Horizontal SI, |Default 9 0.674 | 0.635 0.659 1.531
Turbocharged Lycoming 540 3 | 0777|0725 | 0.728 1.543
Rotax 914 1 0.501 | 0.458 0.448 1.792
Continental 360 1 0.592 | 0.519 0.602 0.730
Continental 520 1 0.659 | 0.661 0.760 2.127
Continental 550 3 0.660 | 0.634 0.646 1.500
4-Stroke Radial Sl Default® 2 1.325 | 0.682 0.521 1.270
Wright 1820 1 1.166 | 1.014 0.718 1.270
2-Stroke Horizontal SI  [Rotax 582 1 0.495 | 0.526 0.441 1.071

Note: Instances where modal BSFC rates for approach and idle/taxi data include values extrapolated from ratios (as noted

above) are shown in bold type.

! Compression ignition (CI) piston engines do not operate on gasoline.
2 Within the database, there was one radial engine with an undisclosed manufacturer and model number. This engine was
included in the radial SI engine default value reported but is not listed as a separate engine.
Sources: FAA EDMS data, supplemented by data from Switzerland Federal Office of Civil Aviation 2007, Atwood 2007,
Atwood 2009, Atwood and Camirales 2004, Atwood and Knopp 1999, Coordinating Research Council 2010.

-34-

Copyright National Academy of Sciences. All rights reserved.



http://www.nap.edu/22142

Quantifying Aircraft Lead Emissions at Airports

The assignment of BSFC rates to each of the 147 engines was completed as follows. If
the technology group, manufacturer, and model number matched the value listed in

Table 10, the BSFC for that specific engine was assigned; if no match was found in
Table 10, the “default” for that technology group was assigned. Finally, the engine rating
and assumed load by mode were used to convert the BSFC rate back into a fuel
consumption rate (rates reported in the units of Ib per hour) using the equation below.

Fuel Rate,,,, (%} = BSFC,,.. [ﬁ] x Load,,,,, x Rated Power(hp)

The mass fuel rate above was then used in the inventory calculations. Overall, the
procedure followed assigns rates to engines based on BSFC and then factors in the engine
rating to determine the final fuel consumption rate (reported in the units of mass per unit
time).

Using the Lycoming horizontal fuel-injected 540 engine as an example (i.e., Lycoming
10-540), there were eight distinct engine ratings for this engine model found in the
activity database (ranging from 230 to 380 HP). From Table 10, the BSFC assigned to
this engine (for all eight engine ratings) was 0.490, 0.501, 0.479, and 0.556 Ib/hp-hr for
takeoff, climb-out, approach, and idle/taxi modes, respectively. The application of the
equation above yields the fuel consumption rates shown in Table 11.

Table 11
Estimated Fuel Consumption Rates for the Lycoming 10-540 Engine
Engine Rating Fuel Consumption Rate (lb/hr)
(HP) Takeoff Climb-out Approach Taxi/ldle
230 112.6 98.0 49.6 15.3
235 115.0 100.1 50.6 15.7
250 122.4 106.5 53.9 16.7
260 127.3 110.8 56.0 17.3
290 142.0 123.6 62.5 19.3
300 146.9 127.8 64.6 20.0
350 171.3 149.1 75.4 23.3
380 186.0 161.9 81.9 25.3

Lastly, the fuel consumption rate for the fifth mode of operation—i.e., the run-up mode
was defined. The run-up mode was included in the ICF SMO study; however, the 2008
NEI, and previous EPA efforts omitted it. The run-up is performed as part of the
standard operating procedures prior to take off in which instrument checks are performed
at a moderate fuel flow rate.
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The fuel consumption rate for the run-up mode in this study was defined as a percentage
of the maximum fuel consumption rate (i.e., at maximum load and power reported in the
units of mass per unit time). Four operations manuals (Lycoming Engines 1997, 2008
and undated; Continental Motors 2011) were examined to determine the manufacturer-
suggested run-up procedures, and reported fuel rate curves from those manuals were
reviewed to estimate the fuel consumption rates at run-up conditions and at maximum
load/power. From these manuals, run-up rates were identified for seven distinct engine
models, with individual values ranging from 43 to 68% of the maximum fuel
consumption rate. In this study, the average run-up rate from the seven engine models of
52% of the maximum fuel consumption rate was used to represent the run-up mode for
all engines in this study.

Piston Aircraft and Engine Distributions — EPA’s inventory approach simply averages
EDMS engine-specific fuel consumption rates to calculate single-engine and twin-engine
fuel consumption rates; in total, seven engines were used to derive these averages in both
the 2008 NEI and the ICF study. This approach is potentially problematic, in part
because it fails to account for the underlying proportions of these engines in the fleet.
The variation in fuel flow rates across engine models is significant, and even significant
within the same engine model, depending on engine power rating, as shown in Table 11
for the Lycoming 10-540.

The FAA’s TFMSC (Traffic Flow Management System Counts) database
(https://aspm.faa.gov/TFMS/sys/default.asp) was used in this inventory evaluation for
airport-specific operations information, specifically to determine the distribution of
piston-powered LTOs by individual aircraft. TFMSC operations are reported based on
pilot-filed flight plans and RADAR detections restricted to the subset of flights that fly
under IFR. Because reporting is not triggered for each operation at the airport, the
distribution of piston-powered aircraft is normalized to sum to 1 with the assumption that
the TFMSC captured data are representative of the fleet as whole. Operations data are
differentiated by physical class (i.e., piston, turbine and jet) and user class (i.e., air taxi,
general aviation, and military). Aircraft are classified according to FAA/ICAO
designators (e.g., “PA28 - Piper Cherokee”) as found on the FAA database
(https://www.faa.gov/air_traffic/publications/atpubs/CNT/5-2.htm).

The quantity of piston operations used to estimate the aircraft distribution at each airport
is summarized in Table 12. Within these data, 169 distinct aircraft were present.
Separate aircraft operation profiles were identified for civilian and military user classes.

Table 12
TFMSC Piston-Powered Operations Used to Determine Aircraft Distributions
Year APA RVS SMO
2008 8,769 12,740 13,541
2011 7,159 6,008 8,170

Source: FAA’s Traffic Flow Management System Counts database
(https://aspm.faa.gov/TFMS/sys/default.asp)
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The engine distribution for each FAA/ICAO designated aircraft type was then determined
from the FAA'’s registration data (http://registry.faa.gov/aircraftinquiry/
AcftRef_Inquiry.aspx) and the agency’s TCDS database (http://www.airweb.faa.gov/
Regulatory_and_Guidance_Library/rgMakeModel.nsf/MainFrame?OpenFrameSet).
From these two resources, the number of aircraft models represented (for each
FAA/ICAO designation) and the U.S. total registration counts by model were collected.
The TCDS provided the engine manufacturer, technology, model number, and engine
rating data for each aircraft model. Technology distinctions of the engines were
simplified to the six cases shown in Table 10 (i.e., those with distinct BSFC rates).
Model numbers were simplified by excluding suffix letters. Using this engine
categorization scheme, a total of 147 unique engines were found to exist for the set of
aircraft extracted from the TFMSC database. Each engine is defined by the unique
combination of the following identifiers:

Technology group (as defined in Table 10);
Manufacturer;

Model number (excluding suffix letters); and
Engine rating (HP).

Finally, the normalized engine distribution was then calculated for each FAA/ICAO
designated aircraft type. The engine distribution represents the fraction of the 147 unique
engines present in each of the 169 unique aircraft. It should again be noted that in the
collection and processing of these activity data, there were no rotorcraft models present at
the three airports in the two years of TFMSC data examined, although helicopter activity
occurs at all three airports. This may be a limitation of the protocol by which the TFMSC
data are recorded, as noted above. As such, the inventory results of this analysis are
based entirely on the set of fixed-winged aircraft represented by these data.

TIM Assumptions — TIM data for individual airports are not generally in the public
domain, and EPA’s two distinct TIM assumptions were largely used with minor
modifications as described below.

e The FAA/EPA default TIM assumption for piston-powered aircraft covers the
four primary modes of operation (idle/taxi, takeoff, climb-out, and approach). For
use in this inventory analysis, the run-up mode (i.e., a fifth mode) was added to
the default based on the run-up time estimated in the ICF SMO study. The
FAA/EPA defaults with the added fifth mode were used at all three airports.

e The ICF study’s TIM data for SMO were also used as an alternate assumption (for
SMO only). It should be noted, however, that ICF included a distinct “landing”
mode that erroneously assumed engine operation at 100% load during landing;
this was not used here, and the time allocated to “landing” by ICF was
incorporated into the idle/taxi time associated with aircraft arrival for use in this
effort.
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Table 13 summarizes Times reflect a complete operational cycle. Note that the
maximum altitudes of the aloft modes (i.e., climb-out and approach) defined by the
FAA/EPA default and ICF SMO study TIM assumptions differ. This accounts for a
significant portion of the TIM differences of those two modes, complicating their direct

comparison.
Table 13
Time-In-Mode Assumptions (Minutes)
Mode FAA/EPA Default ICF SMO Study

Idle/Taxi (Departure) 12.00 5.07
Run-Up 1.48° 1.48
Takeoff 0.30 0.27
Climb-out 5.00 1.30
Approach 6.00 1.07
Idle/Taxi (Arrival) 4.00 2.53°

 The EPA/FAA default does not include the run-up mode; however, for this analysis the run-up mode was
added for completeness using the ICF SMO Study value. The time spent in the run-up procedures mode is
not airport specific.

® The “landing” mode of the ICF SMO study was incorporated into the arrival idle/taxi mode reported here.

Total Operations — The Air Traffic Activity Data System contains the official National
Airspace System (NAS) air traffic operations data available for public release; ATADS
was the source of total aircraft operations data at each airport for inventory development.
The ATADS is a database of air traffic operations from towered facilities managed by the
FAA and includes both IFR (instrument flight rules) and VFR (visual flight rules)
itinerant operations as well as local operations. Table 14 summarizes ATADS data for
years 2008 and 2011. Note that tabulated operations include both landings and takeoffs.

For comparative purposes, Table 15 summarizes the total operations used by the 2008
NEI for the three airports of interest. These data originate from the FAA’s Terminal Area
Forecast (TAF), which includes historical data as well as forecasts. The data in Table 15
are the historic values reported for 2008 in which ATADS is the source of operations
activity for towered facilities reported in the TAF. The TAF includes both towered and
non-towered facilities and is used as the source of total operations for the NEI because
the NEI estimates airport emission inventories from both towered and non-towered
facilities. Given that the TAF data purportedly originate from ATADS for these three
airports, the data generally agree (within a few percent), but the agreement is not exact.
The source of the discrepancy between total operations reported by ATADS and TAF for
matched facilities and historical periods is not known.
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Table 14
Total Aircraft Operations by Airport and Year
Air General | Military
Carrier | Air Taxi | Aviation | (Local & Civil Total
Year | Facility | (Itinerant) | (Itinerant) | (Itinerant) | Itinerant) | (Local)! | Operations
APA 3 44,376 129,412 3,524 143,634 320,949
2008 | RVS 2,735 1,123 136,382 2,281 191,750 334,271
SMO 0 9,966 68,399 237 45,912 124,514
APA 68 36,191 126,112 7,195 125,025 294,591
2011 | RVS 5 1,943 90,591 200 106,673 199,412
SMO 0 6,739 62,938 217 40,875 110,769

! In 2008, the FAA changed the labeling of this category from General Aviation (Local) to Civil (Local).
This was simply a labeling change—the types of operations covered did not change.

Source: FAA Air Traffic Activity Data System (ATADS)

Table 15
2008 NEI Total Operations by Airport and Year
Air General | Military*
Carrier | Air Taxi | Aviation | (Local & Total

Year | Facility | (Itinerant) | (Itinerant) | (Itinerant) | Itinerant) | Operations

APA 10 46,722 279,778 3,542 330,052
2008 | RVS 1,942 1,142 335,255 2,220 340,559

SMO 6 10,354 113,780 274 124,414

! The NEI assumes that all military operations are turboprop or jet.
Source: U.S. EPA 2008 National Emissions Inventory (NEI)

Piston Operations — For this analysis, the two data sources outlined below were used to
quantify the piston-powered aircraft share of total airport operations.

e The FAA’s annual General Aviation and Part 135 Activity Surveys
(http://www.faa.gov/data_research/aviation_data_statistics/general_aviation/)
were used to define the fraction of civilian aircraft operations coming from piston-
powered craft. The 2008 survey of “landings” activity was used for 2008, and the
2010 survey of landings was used for 2011 since the 2011 survey results had not
been published at the time of this effort. Notably, these data are not airport-
specific.

e The FAA’s TFMSC database described above as the resource used for piston

aircraft distribution data was used to define the piston LTO fraction of military
operations at each airport. These data are airport specific. It should be noted that
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the TFMSC database was also evaluated for potential use in defining the piston
operation fraction of civilian aircraft. Using SMO as test case, TFMSC
operations showed a 33% share for piston-powered craft at SMO; however, the
airport-specific data used in the ICF study showed an 85% LTO share for piston-
powered aircraft. As such, it is believed that the protocol by which the TFMSC
data are captured undercounts piston aircraft relative to similar counts for jets and
turboprops. Excluding TFMSC resulted in no other airport-specific data source,
and the General Aviation and Part 135 Activity Survey was used as an alternate
method for estimating the piston fraction of civilian operations.

Table 16 summarizes the survey data used for civilian aircraft. The survey data for
“landings” were taken from Table 2.4 of the FAA’s annual General Aviation and

Part 135 Activity Surveys and the fraction of piston-powered landings was calculated
and reported in Table 16 for each region and the U.S. total. The regional results were
used in this analysis, with APA, RVS, and SMO represented by Northwest Mountain,
South Western, and Western-Pacific regions, respectively.

Table 17 summarizes the fraction of military operations coming from piston-powered
aircraft at each airport using the TFMSC database.

Fraction of General Aviation and Air?:;?lfgndings from Piston-Powered Aircraft
FAA Region 2008 Survey 2010 Survey
Alaskan 75.9% 82.9%
Central 62.6% 76.0%
Eastern 70.3% 64.6%
Great Lakes 79.9% 82.0%
New England 72.4% 73.6%
Northwest Mountain 66.5% 72.5%
Southern 66.7% 73.2%
South Western 44.8% 41.4%
Western-Pacific 70.6% 63.4%
Total U.S. 65.7% 66.1%

Source: Table 2.4 of FAA’s annual General Aviation and Part 135 Activity Surveys, available at
http://www.faa.gov/data_research/aviation_data_statistics/general_aviation/.
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Table 17
Fraction of Military Operations from Piston-Powered Aircraft
Year APA RVS SMO
2008 6.8% 24.4% 40.9%
2011 3.7% 26.1% 71.0%

Source: FAA Traffic Flow Management System Counts database (https://aspm.faa.gov/TFMS/sys/)

For comparative purposes, the 2008 NEI also used the 2008 General Aviation and Part
135 Activity Survey for estimating the fraction of civilian operations coming from piston-
powered craft. The NEI assumes that all military operations are turboprop or jet.
However, the NEI used hours of operation from the survey data as the surrogate for
estimating the piston-engine aircraft proportions of 72.5% for general aviation and 23.1%
for air taxi. The use of hours allowed for separate estimated fractions for general aviation
and air taxi; however, only national average results are reported. The use of hours versus
landings appears to have similar proportions.

For comparison to the ICF SMO study, the airport-provided operations data by physical
class in which 85% of operations at SMO in 2008 were estimated from piston-powered
aircraft. This piston share (85%) is somewhat greater than that observed in the survey
values reported for the Western-Pacific region of 70.6% and 63.4% in 2008 and 2010,
respectively. In the absence of airport-specific data, the specification of the fraction of
operations from piston-powered aircraft remains a significant source of uncertainty and
error in this analysis.

Remaining Modeling Assumptions — Lastly, the emission inventory method requires
specifying the lead retention rate, gasoline density, and lead content of aviation gasoline.
For each of these three assumptions, the values used by EPA in the NEI and ICF efforts
were retained in this analysis, as follows:

e Lead retention rate = 5%;
e Auviation gasoline density (g/gal) = 2,726 (or 6.01 Ib/gal); and
e Lead content in aviation gasoline (g/gal) = 2.12.

In addition, given the lack of available data, no effort was made to quantify non-exhaust-
related Pb emissions.

4.3 Results

Calendar year 2008 and 2011 inventories were prepared for each airport using the input
data and assumptions described above. A complete summary of modeling results
obtained using the refined methodology is presented in Tables 18 and 19 for 2008 and
2011, respectively. The modeling parameters of operations (total and piston), percent of
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Table 18
Calendar Year 2008 Inventory Results
APA RVS SMO SMO
Modeling Result (Default TIM) | (Default TIM) | (Default TIM) | (ICF TIM)
Operations, Total 320,950 334,272 124,514 124,514
Operations, Piston Craft 211,200 149,278 87,802 87,802
Multi-Engine Piston
Operations (% of Piston 47% 14% 13% 13%
Total)
Mean Piston-Engine
Rating (HP) 283 204 226 226
Gasoline Consumption
(Gal./Piston Operation) 4.15 2.08 2.23 0.81
Pb Emissions
(g/Piston Operation) 8.35 4.19 4.49 1.63
Pb Inventory (Tons/Year) 1.95 0.69 0.43 0.16
Table 19
Calendar Year 2011 Inventory Results
APA RVS SMO SMO
Modeling Result (Default TIM) | (Default TIM) | (Default TIM) | (ICF TIM)

Operations, Total 294,592 199,412 110,770 110,770
Operations, Piston Craft 208,582 82,616 70,208 70,208
Multi-Engine Piston
Operations 41% 23% 15% 15%
(% of Piston Total)
Mean Piston-Engine
Rating (HP) 283 240 239 239
Gasoline Consumption
(Gal./Piston Operations) 3.80 2.63 2.42 0.88
Pb Emissions
(g/Piston Operations) 7.64 5.29 4.87 1.76
Pb Inventory (Tons/Year) 1.76 0.48 0.38 0.14
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multi-engine aircraft, mean engine rating, and mean gasoline consumption rate are shown
to assist in understanding the differences in inventory estimates. As shown, the 2011
inventory results are lower at each airport than the 2008 inventory results owing in large
part to the reduction in piston-engine aircraft activity. Other observations are outlined
below.

e The refined methodology separates out civilian operation from military, both of
which are included in the totals shown; however, the military contribution was
negligible relative to the total Pb inventory at these three airports.

e The multi-engine piston operations fractions are due to the TFMSC-based aircraft
distribution data. The General Aviation and Part 135 Activity Surveys show a
national average fraction of 12% and 10% in 2008 and 2010, respectively. As
shown, the multi-engine fractions observed in the TFMSC database are generally
above the national average at each of the airports.

e The differences in the two sets of TIM assumptions, shown in Table 13, at SMO
lead to inventories that differ by approximately a factor of three. A significant
portion of this difference is from differences in maximum altitude assumed for the
aloft modes (i.e., climb-out and approach) and this confounds the direct
comparison of these results. However, the total taxi/idle time on the ground can
be directly compared and is about 50 percent less in the SMO-specific data
indicating that airport-specific TIM can be a key modeling variable.

Calendar year 2008 results for these three airports are shown in Table 20. The 2008 NEI
inventory results come from the EPA’s FTP site (ftp://ftp.epa.gov) and the remaining data
come from ERG (2011). The 2008 NEI results do not include the run-up mode, which
would increase the inventory results by approximately 10%. Values for the ICF Study
were derived from ICF International and T&B Systems (2010). Also shown in Table 20
is the ratio of these results to those obtained using the refined methodology. As the ratios
shown in Table 20 indicate, the refined methodology results in substantially greater
estimates of Pb emissions at APA and somewhat greater Pb emissions at SMO.
Conversely, the refined methodology yields substantially lower Pb emissions at RVS.
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Table 20
Calendar Year 2008 Inventory Results
APA RVS SMO SMO
Modeling Result (2008 NEI)'|(2008 NEI)}|(2008 NEI)!| (ICF Study)?

Operations, Total 332,348 340,558 125,986 124,544
Operations, Piston Craft 214,938 243,322 85,970 105,696
Multi-Engine Piston Operations 0 a
(% of Piston Total) 10% N/D
Gasoline Consumption
(Gal./Piston Operation) 1.73 0.56
Pb Emissions
(g/Piston Operation) 3.67 112
Pb Inventory (Tons/Year) 0.73 1.17 0.33 0.13
Ratio to Refined Methodology 0.37 1.70 0.77 0.81

Result

! Source: 2008 National Emission Inventory, ftp:/ftp.epa.gov, and ERG (2011)
2 Source: ICF International and T&B Systems (2010)

No data; based on results reported, multi-engine LTOs were less than 10 percent of the piston LTO total.

Outlined below are key observations from comparing the EPA and ICF results with
results from the refined methodology.

e The refined methodology generally estimates greater fuel consumption per
operation. This is due in large part to the multi-engine fraction and other fleet
characteristics inherent in the TFEMSC data used.

e The higher Pb emission estimates for APA and SMO with the refined
methodology are due to high fuel consumption estimates and the assumed
characteristics of the piston-engine aircraft fleet.

e The lower Pb emission estimates for RVS using the refined methodology are due
to a much smaller fraction of total operations estimated from piston-engine

aircraft.

HiH
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5. AIRBORNE LEAD AND AIRCRAFT ACTIVITY DATA
COLLECTION AT AIRPORTS

During this phase of the project, field studies were conducted at three airports to generate
data sets of airborne PM-Pb concentrations to evaluate the emission inventory
methodology through dispersion modeling. Detailed aircraft activity data were collected
to allow for the development of spatially and temporally resolved emission inventories
for each of the three airports. While such fine-grained activity data are not routinely
available, this approach was needed for a robust evaluation of emission inventory
methodology and sensitivity studies to determine the data collection elements that are
most important for an accurate inventory.

In order to select the three airports at which field studies were to be performed, general
aviation airports nationwide were systematically evaluated for consideration as a field
study site. Desired attributes were identified and criteria were developed to screen and
ultimately rank candidate airports. Desired attributes included, but were not limited to, a
large Pb emissions load (based on the 2008 NEI), a large share of non-carrier operations
and specifically a large share of piston-engine aircraft activity, and favorable
meteorology (high wind direction persistence with few calms). A prioritized list of
airports was generated and airport operators were contacted to determine their
willingness to participate. Listed below are the three airports selected for field studies
and the dates the studies were performed.

e Richard Lloyd Jones Jr. (RVS), Tulsa, OK; March 27 to April 28, 2013
e Centennial Airport (APA), Englewood, CO; May 15, 2013 to June 10, 2013
e Santa Monica Airport (SMO), Santa Monica, CA; July 3, 2013 to July 30, 2013

These airports have distinctive characteristics. RVS and APA are among the busiest
general aviation airports nationwide and have relatively large footprints with multiple
runways. However, the spatial distribution of run-up and LTO activity patterns are quite
different because of the runway layouts, and wind directions were more variable at APA
than RVS. SMO is a much smaller airport but with concentrated run-up and LTO activity
patterns and a history of being the subject of special PM-Pb studies.
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5.1 Data Collection Overview

As indicated above, the field studies—each nominally one month in duration—were
conducted at each of the three airports by staff from Washington University in St. Louis
(WUSTL). A consistent data collection strategy was used across the three field studies,
and the data collection plan was reviewed by the Project Panel prior to the first
deployment. In this section, generic features of the data collection are summarized; this
is followed by a summary for each airport that includes the airport-specific features and
select results.

5.1.1 Aircraft Activity Data Collection

Detailed aircraft activity data were collected to inform the development of a spatially and
temporally resolved emissions inventory for the model-to-monitor comparisons. These
data have been processed and compiled into databases (e.g., MS Excel spreadsheets).
The key data collection elements are summarized below.

e Landing and Takeoff Operations (LTOs) — Daily PM-Pb sampling was conducted
during the 12-hour daytime period with highest aircraft activity. Video cameras
were used to continuously record LTOs during each PM-Pb sampling event. The
videos were played back to document takeoff, landing, and touch-and-go
operations by runway at 10-minute intervals and these data were rolled up to one-
hour periods. LTO data were collected for all fixed-wing aircraft at each airport
and at SMO the piston-engine aircraft fraction was also directly measured. At
RVS and APA, the piston-engine aircraft fraction was not directly measured from
the video data because aircraft in the video images were often too small to be
conclusively identified as either piston engine or jet.

o Aircraft Fleet Inventory — LTOs were photographed for 30 hours at each airport.
The data collection schedule was generated using a quasi-random process to
populate a 2D matrix with dimensions of time of day and day of week (Weekdays
/ Saturdays / Sundays). The matrix was weighted towards data collection during
hours with higher activity and to ensure adequate data collection on weekends.
Photographs were reviewed to develop a time-stamped inventory of LTO
activities by tail ID. The FAA Registry (http://registry.faa.gov/aircraftinquiry/)
was used to identify the aircraft and engine characteristics for each recorded tail
ID. Data were collected for all aircraft, not just piston-engine aircraft, to provide
information about the distribution of activities between piston-engine airplanes
and jets. Some aircraft were observed multiple times over the 30 hours of data
collection. Given the objective to inventory the fleet from an operations
perspective, each observation was an independent entry into the database. Each
database record includes the observation time stamp; aircraft type, manufacturer,
model, year, and number of engines; engine type, manufacturer, model, and
horsepower; and number of times the aircraft was identified in the one-hour
observation period and in the overall data set. Tail ID numbers are decoupled
from the final database.

-46-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22142

Quantifying Aircraft Lead Emissions at Airports

e Time in Mode for Run-up — Run-up operations were manually observed for 15
hours at each airport. Data collection was scheduled to capture a range of
conditions (time of day, day of week) and included the time aircraft spent in a
run-up area (visual observation), the duration of the magneto test (audible changes
in engine noise during run-up), and the aircraft tail ID. Some planes bypassed the
run-up area prior to takeoff and such instances were recorded. In some cases, the
magneto test duration could not be determined because of confounding sources of
noise. Each record in the database includes the data collection hour, total run-up
time, magneto test time, and the aircraft attributes listed above for the aircraft
fleet inventory. Tail ID numbers are decoupled from the final database.

e Time in Mode for Other Activities — Additional piston-engine aircraft activities
such as taxiing, takeoffs, and landings were manually observed for 15 hours at
each airport. Data collection was scheduled to capture a range of conditions (time
of day, day of week). Observation points were chosen to maximize viewing of
the entire airport footprint. Activities were tracked by aircraft and recorded by
runway or taxiway. For example, a taxi-back would consist of the following data:
landing time (time on runway between wheels down and turning onto taxiway);
time taxiing and idling on each taxiway; and takeoff time (time on runway
between starting rollout and wheels-up). Approach and climb-out times could not
be adequately captured because of the difficulty in establishing aloft locations for
the start of approach and end of climb-out. Instead, wheels-up and wheels-down
locations on the runways were recorded to inform the development of TIM
estimates for climb-out and approach and to spatially allocate runway emissions.
TIM for touch-and-go operations was recorded as the time between wheels down
for the landing portion and wheels-up for the takeoff portion. Each record in the
database includes a plane identifier (arbitrary), activity (e.g., landing, takeoff,
taxiing, idling), and location (e.g., runway ID, taxiway ID).

Activity data processing was conducted in coordination with the Sierra Research and KB
Environmental Services staff. TIM data were processed by the WUSTL field operator
(Neil Feinberg) with QA/QC performed by the WUSTL lead investigator (Jay Turner).
Most of the LTO video and fleet inventory photographs were processed by other WUSTL
staff and in these cases initial QA/QC was performed by the WUSTL field operator with
additional QA/QC by the WUSTL lead investigator.

5.1.2 Airborne PM-Pb Data Collection

Airborne PM samples were collected daily and analyzed for Pb. At each airport, four PM
sampling sites were selected based on the location of piston-engine aircraft activities,
historical winds data, and Pb concentration fields generated from preliminary dispersion
modeling. PM-Pb hot spots were predicted downwind of run-up areas and such locations
were given high priority. Relatively flat terrain was desired, and it was necessary to stay
clear of FAA-restricted areas; for SMO, the siting of samplers in previous studies was
also considered. At each airport, the four sampling sites included two “primary” sites and
two “secondary” sites. The primary sites were a location downwind of a run-up/takeoff
area for prevailing winds, and a location chosen to capture background PM-Pb levels for
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prevailing winds. Characteristics for the two secondary sites are described in the
airport-specific summaries. Up to four PM samplers were operated during each sampling
event. A PM;s sampler was always operated at each of the two primary sites (except for
collocated TSP data collection events to establish TSP-Pb measurement precision) and
the remaining two PM samplers were used in one of the three configurations:

(i) collocated PM, 5 sampling at the primary sites (to establish PM,s-Pb measurement
precision); (ii) TSP sampling at the primary sites; or (iii) PM, s sampling at the secondary
sites.

PM samples were collected using Model PQ100 portable samplers (BGI, Waltham, MA).
The PQ100 is an EPA Federal Reference Method (FRM) for PM;o sampling; for this
study, the samplers were used with BGI Very Sharp Cut Cyclones (VSCC) to achieve
PM, 5 cutpoints. A louvered inlet with PM;, impactor—the standard configuration for
ambient PMyo sampling—was used upstream of the PM, 5 cyclone. TSP samples were
collected using PQ100 samplers with BGI TSP inlets. The TSP inlets have been
previously characterized (Kenny et al. 2005). The design flow rate is 16.7 liters per
minute (LPM) for these various inlets. Figure 7 shows the BGI samplers deployed at the
APA Central monitoring site with runway 17L/35R in the background.

Figure 7
BGI PQ100 PM samplers for PM; 5 (PMyy inlet followed by a PM; s cyclone) (left)
and TSP inlet (right)
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Twelve-hour integrated PM samples were collected each day. These sampling events
were conducted during the 12-hour period of highest piston-engine aircraft activity based
on discussions with the airport authorities. This approach was preferred over 24-hour
integrated sampling for several reasons. Piston-engine aircraft activity is very low at
night and thus the additional 12 hours of sampling would increase the relative
contribution from background Pb to the time average concentration. The 24-hour time
window for sampling also increases the likelihood of wind direction variability. This is
not a hard constraint for the modeling, but persistent winds do simplify the data
interpretation. Finally, calm winds are more frequently observed at night and these
periods are more difficult to model.

PM sampling and chemical analysis protocols are described in detail in Appendix B and
are summarized as follows. PM samplers were mounted on wood platforms. Filter
holders containing the Teflon® filter media were installed in the samplers each morning
immediately prior to the start of sampling and retrieved each evening immediately
following the end of sampling. While Pb is nonvolatile, bromine (Br) is also of interest
and it is relatively volatile so cold transport and storage was adopted. Samples were
transported to and from the field sites in coolers with ice packs and were stored in a
freezer after sampling. For each airport study, a subset of samples was analyzed by
X-Ray Fluorescence (XRF) at Cooper Environmental Services (CES, Beaverton, OR) to
obtain data for a range of elements. XRF data were reported as areal densities (e.qg.,
ng/cm? filter) and converted to ambient concentrations using the filter effective cross-
sectional area and the ambient air volume sampled. All samples—including those
analyzed by XRF, which is a non-destructive method—uwere digested and analyzed for
Pb at WUSTL using Inductively Coupled Plasma — Mass Spectrometry (ICP-MS). Two
sequential digestions were performed using a hot-block at 90 °C with nitric acid and
hydrofluoric acid for the first digestion and boric acid for the second digestion. Digestion
solutions were diluted to a known volume and filtered to remove any remaining
particulate matter. ICP-MS data were reported as concentrations in the diluted digestion
solutions and converted to ambient concentrations using the diluted digestion solution
volume and the ambient air volume sampled.

All samples were analyzed for Pb isotopes as well as total Pb. ICP-MS analysis for Pb
isotopes was not included in the original study design but was added to strengthen the
connection between airborne Pb and piston-engine aircraft emissions. The isotopic
composition of Pb used to make the avgas additive tetraethlylead (TEL) is distinct from
the isotopic composition of native soils at these airports. Thus, isotopic composition can
be used to discriminate the origins of Pb in the airborne PM samples. Pb isotopes are
stable and therefore cannot be used to distinguish PM-Pb in freshly emitted exhaust from
exhaust PM-Pb that has locally deposited over the years and is resuspended by wind or
aircraft-induced turbulence during the PM sampling events. The isotopes data were also
used to screen PM-Pb samples for contamination. Appendix B presents the analytical
protocol and use of the isotopic composition for data validation.

Data collection objectives included 20 sampling events at each airport with 85% data
completeness (17 events) for valid PM, s-Pb data at both of the primary sites. Additional
data collection objectives were nine events with PM,s and TSP sampling at the primary
sites and nine events with PM, s sampling at the primary and secondary sites. Table 21
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Table 21
PM Data Collection Summary
Parameter Objective | RVS APA | SMO
PM Sampling Events® 20 31 25 25
PM_5-Pb (two primary sites) 17 31 25 24
PM,5-Pb and TSP-Pb (two primary sites) 9 9 9 9
PM,5-Pb (two primary and two secondary sites) 9 8 9 4

Note: PM-Pb measures include both valid data collection and valid chemical analysis for Pb content.
! Excludes collocated TSP sampling events which, by design, do not include PM, s sample collection.

summarizes the data completeness from the perspective of not only valid sample
collection but also valid chemical analysis for Pb. Additional details are provided in the
airport-specific summaries. For each airport, the number of attempted PM sampling
events and valid PM, s-Pb data collection at the primary sites far exceeded the objectives.
PM,5-Pb and TSP-Pb data collection at the primary sites met the objective of nine events
per airport. The four-site PM,s-Pb data collection objective of nine events was met at
APA; however, RVS included only eight events and SMO only four. Low capture at
SMO was from a failed sampler that needed to be returned for repair, which resulted in
nine valid samples at one secondary site and five valid samples at the other secondary
site. As discussed in the SMO case study summary, this data collection shortcoming did
not compromise the data analysis and interpretation.

PM-Pb quality assurance data collection included field blanks and collocated sampling
for PM;5s and TSP. Eight PM, s and four TSP field blanks were collected at each airport
by placing filters in the samplers overnight (nominally 12 hours) between scheduled
sampling events. A one-way nonparametric analysis of variance test demonstrated the
field blanks distributions for each airport were statistically indistinguishable (95%
confidence level) and thus the field blanks data were pooled across the airports. Effective
ambient concentrations were calculated using the target air volume of 12 m® drawn
through a 16.7 LPM sampler during a 12-hour sampling event. PM,s-Pb median and 90"
percentile field blank concentrations were 0.1 ng/m*and 0.5 ng/m?, respectively (N = 48).
For TSP-Pb the median field blank concentration was 0.4 ng/m® (N = 12). The 90"
percentile TSP-Pb field blank was 1.8 ng/m® but extremes of a distribution, such as the
90™ percentile, might be non-representative for small sample sizes such as the 12 samples
in this case. The higher field blanks value for TSP compared to PM, 5 is consistent with
windblown dust intrusion into the sampler in the absence of air sampling. Median field
blank Pb levels are similar to the analytical MDL of 0.2 ng/m?® and thus airborne PM-Pb
concentration values were not corrected using the field blanks data.

PM-Pb measurement precision was evaluated by collocating samplers with matched
inlets (i.e., operating two matched samplers side-by-side). These measurements were
conducted at both of the primary sites at each airport. PM-Pb collocated data are
presented in the data tables for each airport summary (see Sections 5.2, 5.3, and 5.4).
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Thirty-two PM, 5 sample pairs were collected: 16 at RVS, 4 at APA, and 12 at SMO.
Ten TSP sample pairs were collected: four at APA and six at SMO. These data were
pooled across the airports and the collocated precision was calculated as the root mean
square difference over all sample pairs divided by V2. Precision estimates are presented
in Table 22. Measurement precision for ambient PM sampling typically ha