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AIRPORT COOPERATIVE RESEARCH PROGRAM

Airports are vital national resources. They serve a key role in trans-
portation of people and goods and in regional, national, and interna-
tional commerce. They are where the nation’s aviation system connects 
with other modes of transportation and where federal responsibility for 
managing and regulating air traf�c operations intersects with the role of 
state and local governments that own and operate most airports. Research 
is necessary to solve common operating problems, to adapt appropriate 
new technologies from other industries, and to introduce innovations into 
the airport industry. The Airport Cooperative Research Program (ACRP) 
serves as one of the principal means by which the airport industry can 
develop innovative near-term solutions to meet demands placed on it.

The need for ACRP was identi�ed in TRB Special Report 272: Airport 
Research Needs: Cooperative Solutions in 2003, based on a study spon-
sored by the Federal Aviation Administration (FAA). ACRP carries out 
applied research on problems that are shared by airport operating agen-
cies and not being adequately addressed by existing federal research 
programs. ACRP is modeled after the successful National Cooperative 
Highway Research Program (NCHRP) and Transit Cooperative Research 
Program (TCRP). ACRP undertakes research and other technical activi-
ties in various airport subject areas, including design, construction, legal, 
maintenance, operations, safety, policy, planning, human resources, and 
administration. ACRP provides a forum where airport operators can 
cooperatively address common operational problems.

ACRP was authorized in December 2003 as part of the Vision 100—
Century of Aviation Reauthorization Act. The primary participants in 
the ACRP are (1) an independent governing board, the ACRP Oversight 
Committee (AOC), appointed by the Secretary of the U.S. Department of 
Transportation with representation from airport operating agencies, other 
stakeholders, and relevant industry organizations such as the Airports  
Council International-North America (ACI-NA), the American Associa-
tion of Airport Executives (AAAE), the National Association of State 
Aviation Of�cials (NASAO), Airlines for America (A4A), and the Airport 
Consultants Council (ACC) as vital links to the airport community; (2) TRB 
as program manager and secretariat for the governing board; and (3) the 
FAA as program sponsor. In October 2005, the FAA executed a contract 
with the National Academy of Sciences formally initiating the program.

ACRP bene�ts from the cooperation and participation of airport 
professionals, air carriers, shippers, state and local government of�cials, 
equipment and service suppliers, other airport users, and research organi-
zations. Each of these participants has different interests and responsibili-
ties, and each is an integral part of this cooperative research effort.

Research problem statements for ACRP are solicited periodically but 
may be submitted to TRB by anyone at any time. It is the responsibility 
of the AOC to formulate the research program by identifying the highest 
priority projects and de�ning funding levels and expected products.

Once selected, each ACRP project is assigned to an expert panel 
appointed by TRB. Panels include experienced practitioners and 
research specialists; heavy emphasis is placed on including airport 
professionals, the intended users of the research products. The panels 
prepare project statements (requests for proposals), select contractors, 
and provide technical guidance and counsel throughout the life of the 
project. The process for developing research problem statements and 
selecting research agencies has been used by TRB in managing coop-
erative research programs since 1962. As in other TRB activities, ACRP 
project panels serve voluntarily without compensation.

Primary emphasis is placed on disseminating ACRP results to the 
intended users of the research: airport operating agencies, service pro-
viders, and academic institutions. ACRP produces a series of research 
reports for use by airport operators, local agencies, the FAA, and other 
interested parties; industry associations may arrange for workshops, 
training aids, �eld visits, webinars, and other activities to ensure that 
results are implemented by airport industry practitioners.
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Aircraft emissions data for smaller aircraft such as piston and small turbine-powered 
aircraft either do not exist or have not been independently veri�ed. The emissions data 
obtained as part of this project is available on the TRB website and can be added to the 
FAA’s AEDT database of aircraft engines so as to better understand and estimate general 
aviation (GA) aircraft emissions. This report provides the �ndings from the emissions test-
ing and the data. A PowerPoint presentation provides an overview of the �ndings and is 
available on the TRB website.

The FAA’s Emission and Dispersion Modeling System (EDMS) used to perform air qual-
ity analysis is going to be replaced with the Aviation Environmental Design Tool (AEDT). 
Both modeling systems use emissions data for various aircraft engines, but there is greater 
con�dence in the data for larger commercial aircraft engines. For smaller aircraft, such as 
piston and small turbine-powered aircraft, emission factor data, which is either non-existent 
or has not been independently veri�ed, can result in under- or overestimating aircraft emis-
sions and can make it dif�cult for airports with signi�cant general aviation (GA) operations 
to characterize their emissions inventories.

Aerodyne, as part of ACRP Project 02-54, was selected to validate existing data for  
GA aircraft engines, supplement the existing data, and recommend substitutions for when 
aircraft engine data does not exist. Their research consisted of measuring emissions from 
47 engines while those engines were in use. The resulting data is available in a spreadsheet 
on the TRB website. Piston engine emissions were found to be extremely variable due to 
the �exible way in which they are operated. The effect on airports of these new emissions 
factors and their variability is quanti�ed and discussed.

This report, with the PowerPoint presentation, provides the information in different 
formats so as to be accessible to both those with a deep understanding of air quality model-
ing and those needing to understand the effect at their airport. The layperson can read the 
italicized sections without having to read the technical mechanics, allowing any reader to 
better understand emissions overall.
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1   

S U M M A R Y

Available data on exhaust emissions of general aviation (GA) aircraft is limited, particu-
larly for piston engines. For this research, the research team measured emissions and com-
puted emission indices for dozens of real in-use aircraft. Forty-seven complete engine tests 
are reported, including 10 engines from a list of the top 20 national piston engines.

The major �ndings described in this report are as follows:

�� Gas turbine engines and piston engines have very different emissions, both in terms of 
magnitude and in trends with power. These differences can be understood based on the 
much higher combustion ef�ciencies in modern gas turbine engines versus piston engines. 
Piston engines emit more carbon monoxide and hydrocarbons (unburned or partially 
burned fuel) and less nitrogen oxides than gas turbine engines.

�� Emission trends from piston engines agree with basic principles of combustion. Emis-
sion indices exhibit a large dependence on the fuel/air mixture (see Figure S-1).

�� Emissions from piston engines show a great deal of variability that is directly related to 
the nature of piston engines and the �exible way in which they are operated.

�� Skewed distributions of emission indices are observed for piston engine emissions of 
hydrocarbons, oxides of nitrogen, and particulate matter (PM) (see Figure S-1). This means 
that the most common emission index is not equal to the average emission index. For carbon 
monoxide, piston engine emissions, distributions are not skewed.

�� The variability of an average emission can be measured using 95% con�dence inter-
vals. A con�dence interval consists of an upper limit and a lower limit such that one is 
95% sure that the true average emission falls between them. Existing data is considered 
invalid (statistically different) if it falls outside this con�dence interval. See Figure S-2 for 
illustration.

�� Replicate measurements of several tested engines were used to perform a statistical vali-
dation of existing data. Several invalid data points were found. The most important of 
these data points is the 2.3-times underestimate of the hydrocarbon emissions data for 
the very common Lycoming O-320 engine by the FAA-mandated software used for cal-
culating airport emissions (Emission and Dispersion Modeling System [EDMS]/AEDT).

�� A hypothetical GA airport representative of the U.S. national �eet was constructed. The 
effect of changing emission indices on this hypothetical airport was investigated with a sen-
sitivity analysis. The effect of emission index variability was also investigated. The effect 
of updated emission factors is much smaller than the effect of emissions variability.

�� Standard statistical methods combined with FAA-mandated methods yield undesirably 
large con�dence intervals on an airport’s emissions. For example, the hypothetical airport 
has an average NOx emission of 2.7 megagrams per year, but it could be up to 3.9 times that 
amount within 95% con�dence.

Exhaust Emissions from In-Use 
General Aviation Aircraft
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2    Exhaust Emissions from In-Use General Aviation Aircraft

Figure S-1.    Distributions of piston 
engine emission indices (EIs) for 
hydrocarbons (HC) and carbon 
monoxide (CO) as a function of 
power state (idle, taxi, cruise, take-
off). The grey arrows show how the 
peak of the distribution moves with 
increasing power.
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Exhaust Emissions from In-Use General Aviation Aircraft   3   

�� The research team demonstrated an alternate statistical method (Monte Carlo simula-
tions) that can constrain these con�dence intervals.

�� Many factors can affect emissions. Several causes for high variability in emission indices 
are explored. The research team found that pilot mindset and their operation of an air-
craft’s mixture setting allows for a great deal of freedom in combustion parameters. The 
researchers also investigated several other technical details related to GA piston engine 
emissions, including trends in particle size and volatility, the effect of fuel additives, and 
thermal production of oxides of nitrogen and its relationship to lean combustion.

�� A full list of measured emission indices is provided in Appendix P.

Figure S-2.    Using con�dence 
intervals to compare data 
points. Con�dence intervals 
must not overlap for data to 
be considered statistically 
different.

210-1

-1 210

statistically different 

statistically “the same”

confidence interval

upper
limit

lower
limit

average

210-1

http://www.nap.edu/24612


4

C H A P T E R  1

Much work has been done in quantifying the emissions from large commercial aircraft and 
their engines during operation in large airports. Regional airports serving the GA community are 
much smaller than a typical hub airport for commercial aircraft. However, in a local community 
that supports a regional airport, the airport can make a signi�cant contribution to the commu-
nity’s burden of criteria pollutants like particulate matter (PM), oxides of nitrogen (NOx), and 
hydrocarbon emissions. Although some studies have examined the issue of lead emissions from 
GA aircraft burning available aviation gasoline (AVGAS) (Heiken 2015), there has been relatively 
less examination of these criteria pollutants from GA aircraft.

Because small piston aircraft represent a small part of the overall airspace operations and are very 
small in terms of national gasoline fuel usage, the regulating authorities have largely given small air-
craft little attention relative to large commercial aircraft and road traf�c, respectively. Thus, much 
legacy technology is still in use in GA operations and has not been subject to regulatory emissions 
control. When aviation emissions regulations were �rst being imposed, it was reasonable to assume 
this small part of global aviation was a negligible part of the total pollution problem. Now, as large 
commercial engines have gotten cleaner and more ef�cient, it is important to assess the contribution 
that general aviation makes as a result of their operations in local communities.

Because general aviation uses different engine technologies than those of large commercial 
aircraft, one cannot simply use emissions inventories developed for large airports and scale them 
for use in regional airport analysis. General aviation extensively uses piston engines burning 
AVGAS, and these engines have different emissions characteristics from the large commercial 
aircraft gas turbine engines and from ground transport piston engines. Even the smaller gas 
turbine engines, used in smaller business jets and similar smaller jet-propelled aircraft, can have 
different emissions performance than the large modern turbofans used by major commercial 
carriers. Thus, there is a strong need to understand the emissions performance of GA engines.

The Swiss Federal Of�ce of Civil Aviation (FOCA) made an initial study on a limited set of 
piston engine aircraft. ACRP Research Report 164 extends and expands this FOCA study to 
examine a wider range of engines and to assess multiple examples of engines and operators 
to evaluate the variability in the emissions performance during actual day-to-day operation. 
The emissions measured in this research include PM, where multiple characteristics were 
quanti�ed, NOx, carbon monoxide (CO), and hydrocarbons. These are all considered criteria 
pollutants by the US EPA, and are emissions that are controlled for large aircraft through the 
EPA in concert with international standards established by the International Civil Aviation 
Organization (ICAO).

The pollutants in this research were measured in ways different from how certi�cation is done 
on new engines for regulatory purposes. The research team took advantage of cooperating oper-
ators so that the engines could be measured “on-wing” using in-service engines. This offered the 

Background
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Background    5   

advantage of acquiring data re�ecting actual operation of in-use engines in the airframe, rather 
than idealized states of new engines in certi�cation testing rigs. This distinction is especially 
important for piston engine aircraft, because there is large variability in how piston engines are 
operated and, thus, in the emissions performance for even the same engine model. Furthermore, 
testing of these in-use engines has further advantages over certi�cation testing of new engines, 
given that the GA �eet has slow turnover, and many decades-old aircraft are still in-use.

Throughout this report, summaries in layperson’s terms are italicized to guide the casual reader 
to the main conclusions of each section.

ACRP Research Report 164 has six chapters and numerous appendices. Chapters 1 and 2 pro-
vide background information about aircraft emissions and describe how testing and data analy-
sis is done. In Chapter 3, the main results of the emissions measurements are described and 
compared to previous data. Chapter 4 shows how these emission results can be used to estimate 
the environmental impact of a GA airport. Chapter 5 examines the details of the emissions 
results with an eye to understanding the effect of everything from pilot mindset to transients. 
Finally, Chapter 6 summarizes the main conclusions of this research and identi�es topics for 
future research. Appendixes A through P provide supporting detail and useful data sets.
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Research Approach

Pollutants in Exhaust

Four main pollutant types were measured as a part of this study: nitrogen oxides, carbon monoxide, 
total hydrocarbons, and PM. The sources and importance of these pollutant species are described.

In this research the focus is on the main pollutant species (see Figure 2-1).

Nitrogen oxides (NOx) play an important role in smog formation and can be particularly 
important for airports situated in ozone non-attainment zones. Such zones are areas that do not 
meet National Ambient Air Quality Standards (NAAQS) for ozone, a pollutant in smog.

Carbon monoxide (CO) is a product of incomplete combustion. In high concentrations and in 
enclosed spaces, CO can be dangerous, so many households and some aircraft cockpits have CO 
monitors or alarms.

Hydrocarbons (HC), sometimes referred to as unburned hydrocarbons (UHC), are a third 
pollutant of interest. HCs come from fuel that has not been completely burned in the engine. 
HC includes a large range of individual chemical components, including volatile organic hydro-
carbons (VOCs), unchanged components from the fuel, as well as partially broken down fuel. 
Depending on their exact composition, HC emissions can be of concern to both human health 
and local air quality.

PM emissions are a last category of engine pollutant. PM is fundamentally different from the 
previous pollutants because it is non-gaseous; any type of smoke is made up of PM. PM contains 
both volatile and non-volatile substances. The predominant component of non-volatile PM 
(nvPM) is soot, which is formed during the incomplete combustion process. Volatile PM is gen-
erated by the nucleation or condensation on soot from gaseous precursors such as sulfuric acid 
and organic compounds. The sum of volatile and non-volatile PM is called total PM (totPM). 
There are two general ways to quantify PM: count them to get the number (PMn) or weigh them 
to get the mass (PMm).

Although it is not a reported emission species, carbon dioxide (CO2) is central to all emissions 
measurements. Carbon dioxide is the result of complete combustion of fuel. Combined with 
the products of incomplete combustion (CO and HC), CO2 allows us to relate the emissions to 
the total amount of fuel burned.

From Exhaust Pipe to Airport Emission

The aircraft’s operation (power states, time spent in each mode, landing and take-off cycle at the 
airport) can be combined with measured emission indices and fuel �ows to estimate the total emissions 
from an airport.

C H A P T E R  2
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Suppose an airport’s environmental manager wants to know how plans to construct a new 
runway will affect the total emissions from the airport. Emissions data tables such as those in 
Appendix P, when combined with some additional information about the airport, will allow the 
environmental manager to estimate current and future emissions. With these estimates in hand, 
an informed decision on the future of construction can then be made. So how do we get all the 
way from the exhaust pipe of an aircraft engine to the �nal airport emissions estimate? This sec-
tion de�nes terms and explains the math needed.

We start at the greatest level of detail with an emission index (EI). The EI is a measure of the 
amount of a pollutant (or “chemical species”) that is emitted per amount of fuel burned for a 
given engine type. EIs are expressed in terms of grams of pollutant per kilogram of fuel burned 
(g/kg fuel). In practice, an emission ratio (ER), the molar ratio of a measured species versus the 
sum of carbon-containing species, is determined experimentally for each chemical species of 
interest (see Appendix D for a discussion of ER calculation methods) and then combined with 
the known carbon content of the aircraft fuel to calculate the EIs. Appendix E details the math-
ematics of this procedure. Tables of EIs (such as those in Appendix P) list EIs for many different 
engines and many different pollutants at many different power states.

The power states, based on the operation of an aircraft, will be familiar to any pilot. The 
power states used in this report are idle, taxi, climb-out (C/O), cruise, approach (App), and take-
off (T/O). The report de�nes the additional power state of �nal approach (Final App) with less 
power than approach, based on anecdotal evidence from pilots that the crosswind and upwind 
leg of the approach are distinct and different. The precise de�nitions of these power states vary 
depending on the emissions database in question. For example, Appendix C compares the power 
states de�ned by the ICAO, which has data for large commercial jets, to the Swiss FOCA, which 
has data for small piston engines. Throughout this report, power is usually plotted in terms of 
the percentage of the maximum fuel �ow, because this is most indicative of thrust for piston 
engines.

Depending on the size of an airport, the time that a typical aircraft spends in each power 
state can vary. These characteristic times are referred to as “times in mode.” In this report, the 
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Figure 2-1.    Important species in aircraft exhaust: nitrogen 
oxides (NO x), carbon monoxide (CO), carbon dioxide (CO 2), total 
hydrocarbons (HC), and particulate matter (PM).
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standard times-in-mode are as de�ned by the ICAO for commercial airports; however, these 
times may not always be appropriate for typical operations at many GA airports. The develop-
ment of GA-speci�c times in mode was beyond the scope of this research.

With the de�ned power states and known times in mode, it is possible to construct a landing 
take-off cycle (LTO) for an airplane; for example: idle, taxi, take-off, climb-out, approach, �nal 
approach, taxi, and idle. The cruise state is not included in the LTO framework—cruise emissions, 
while important for national inventories, are not relevant when considering emissions at the airport.

For a given aircraft, the emission indices can be multiplied by fuel �ow and the times in mode 
to yield an emission burden. The burden represents the amount of pollutant emitted by a given 
engine over the course of the LTO and will be expressed in units of grams of pollutant per engine 
(g/engine).

Any given airport will have a certain number of operations per unit time. An operation in this 
sense refers to the number of LTO cycles that occur at the airport. The airport will also have a char-
acteristic �eet, where the number and type of aircraft are known. Each aircraft will have a known 
airframe type (e.g., Cessna 172), engine model type (e.g., Lycoming O-320-E2G), and number of 
engines per aircraft (1 or 2). With this known information about the airport �eet, a burden for each 
aircraft can be calculated and summed to produce the �nal emission estimate for the whole airport. 
This type of estimate is often done before (a “baseline scenario”) and after (“updated scenario”) 
some proposed change.

The FAA-mandated tool used to perform these calculations is the AEDT. Prior to 2016, the 
Emission and Dispersion Modeling System (EDMS) was the mandated software. Both pieces of 
software have the same small set of built-in emission indices, which for piston engines amounts 
to eight different types of piston engines (see Appendix P). This limited data can now be supple-
mented by the new EIs measured over the course of this project.

Test Procedures

To measure a large number of different engines, engine tests were performed on the ground with 
real in-use aircraft. The measurement equipment sampled from a probe placed behind the aircraft 
(no contact). The pilot was instructed to operate the aircraft at different simulated power states (e.g., 
idle, take-off, and so forth) and an observer in the passenger seat noted relevant cockpit parameters.

A primary goal of ACRP Project 02-54 was to supplement the available data on GA engine 
emissions. To maximize the number of engines measured, measurement equipment was brought 
to GA airports and ground testing of the local aircraft �eet was done. Flight instructors or owner-
pilots operated the aircraft in exchange for hourly fees and/or fuel vouchers. All measurements 
were performed using a no-contact probe set up 1 to 10 meters behind the tail of the aircraft. 
Figure 2-2 shows a typical sampling setup for a propeller plane.

An alternative type of engine testing involves laboratory measurements of an engine in a dyna-
mometer setup (i.e., no aircraft, highly controlled input parameters like fuel �ow and torque). 
While providing detailed information on engine operation, this type of test cannot compete with 
the low relative cost per engine sampled of real in-use testing. Furthermore, testing the engine 
in the airframe is more representative of true conditions at a GA airport where many different 
engine/airframe combinations are operated by many different pilots in different ways.

Measurement campaigns were conducted in the spring and fall to avoid large extremes in 
temperature. Test airports were also at similar altitudes to avoid large differences in ambient 
pressure. Ambient temperature and pressure are reported for each measured emission index, 
but no further correction has been made.
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Two measurement platforms were used: the Aerodyne Mobile Lab (AML) supported instru-
mentation for gas-phase measurements; the Aerodyne trailer, towed by a pickup truck, supported 
instrumentation for all particulate phase measurements. A third vehicle towed a generator for 
power while stationary. These three vehicles are shown in Figure 2-3 (see also Figure 2-4).

The suite of instrumentation is described in more detail in Appendixes G and H. A welded steel 
tripod with narrow cross-section was used to support sampling lines for gas and particle-phase 
measurements. The measurement tripod is visible in the center of the frame of Figure 2-3, with 

Figure 2-2.    Preparing for a test of a Lycoming O-320 
engine. The tripod to the right of the image supports 
two sampling lines for gas-phase and particle-phase 
measurements, respectively.

Figure 2-3.    Measurement setup. The tow-behind 
trailer to the left houses the particulate matter 
instrument suite. The white truck in the middle is the 
Aerodyne Mobile Laboratory, housing the gas-phase 
instrumentation and data acquisition computers. 
The red truck to the right is towing a construction 
generator that powers all the instrumentation.

http://www.nap.edu/24612


10    Exhaust Emissions from In-Use General Aviation Aircraft

sampling lines going back to the AML and trailer. The tripod is weighted with sandbags before 
any measurement.

A test matrix was constructed to guide the measurements. This test matrix, reproduced in 
Appendix B, was used by a cockpit observer to direct the engine test and note relevant cockpit 
parameters. A key development in this testing procedure was the addition of “return to idle” 
points between each high-power state. The aircraft engine can be idled for long periods on the 
ground, allowing the measurement team the time to gain an understanding of the “idle signa-
ture” and allowing for the cockpit observer to collect information on the aircraft and engine and 
describe the next test point. Idle then provided a chemical marker de�ning the beginning and end 
of the higher engine states, which can only be accessed for short periods on the ground without 
overheating.

Live, preliminary analysis of the emission ratios was performed by a scientist sitting in the pas-
senger seat in the AML. This scientist could then determine whether data was of suf�cient qual-
ity to proceed with the next test point. Communication with the cockpit observer was achieved 
through radio communication or SMS messaging. These test procedures allowed an experienced 
scientist team and a pilot without any previous ground-testing experience to complete a full 
engine test in less than 15 minutes.

Figure 2-4.    Ideal geometry for engine testing. The 
aircraft test is performed next to an unused taxiway. 
The exhaust and propeller wash are directed into an 
open �eld with no buildings or aircraft. The probe 
is placed just off the taxiway. The measurement 
equipment (the white truck) is out of the way.
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Trends in Emission Indices

By design, gas turbine engines installed in turboprop and turbofan (jet) aircraft operate in a pre-
scribed manner. The combustion in these engines is well controlled by aircraft computers, and there 
is a strong link between the power produced by an engine and the resulting emissions.

In contrast, piston engines, which drive small propeller planes, operate in a much more �exible 
manner. Piston engines are rugged and imprecise and pilots can operate them in various ways with 
simple levers (e.g., the throttle and mixer) in the cockpit. Power and emissions are weakly linked, 
particularly in low-power states like idle and taxi. The nature of piston engines means that there is 
also a great deal of variability in their emissions, even for the same pilot operating the same airplane.

Gas Turbine Engines

Gas turbine engines operate in a very controlled manner. Engine operation is always lean 
(excess air) and combustion ef�ciency is high throughout the range of operational states. Fig-
ure 3-1 shows the expected trends in emission indices. This schematic was constructed based 
on trends observed during a 2006 �eld study of a General Electric CFM56-2-C1 jet engine 
(Anderson et al. 2006). HC and CO drop off precipitously above taxi, while NOx emissions 
increase steadily with power.

For ACRP Project 02-54, the researchers measured gaseous and particulate emissions from 
four gas turbine aircraft engines:

�� A TPE331-6-252B turboprop engine from Garrett AiResearch,
�� A PT6A-60A turboprop engine from Pratt & Whitney,
�� A FJ44-1AP turbofan engine from Williams International, and
�� A CF34-3A1 turbofan engine from General Electric.

Among these measurements, the CF34-3A1 and TPE331 engine tests were performed with 
a cockpit observer and well-de�ned engine states (the other two jets were fortuitous measure-
ments), so the trends in emissions from these two engines were investigated as a function of 
engine state.

Figure 3-2 shows the emission indices of gas-phase species. The CO EIs and HC EIs decrease 
with engine thrust for both the CF34 jet and the TPE331 turboprop, while NOx EIs increase with 
engine thrust. This inverse-correlation of NOx to CO and HC is primarily due to incomplete 
combustion at lower combustor temperatures, leading to the appreciable production of CO and 
unburned hydrocarbons. As the combustor temperature increases at high power, the CO and 
HC emissions are minimized and the NOx emission index increases.

Figure 3-2 shows that both the emissions magnitude and trends for CO and NOx EIs are 
similar among the very different gas turbines. However, although the trends are similar for the 
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HC emissions, the Garrett AiResearch TPE331 turboprop engine has systematically higher HC 
emissions than the GE CF34 jet by about 8 g/kg fuel.

Data for the General Electric CF34 jet is available in the ICAO database (ICAO 2013). Fig-
ure 3-3 shows a plot of these certi�ed EI values for the CF34 engine along with the research team’s 
data. Except for the approach power condition, the ACRP Project 02-54 research team’s results 
are in relatively good agreement with the ICAO-certi�ed CF34 EIs. For instance, at idle, EIs of CO, 
HC, and NOx from the ICAO emission data bank are 42.6, 3.95, and 3.85 g/kg fuel, respectively. 
The research team obtained EIs of CO, HC, and NOx of 67, 2.8, and 3.5 g/kg fuel, respectively. 
The ICAO values are averaged over several minutes of engine operation and use engine testing 
rigs (not in-use aircraft) and multiple sampling probes. All of these sampling differences may 
explain why the research team’s instantaneous approach readings with a single sampling probe 
differ from ICAO’s published values.

Figure 3-1.    The trends in emissions for gas 
turbine engines.
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Figure 3-2.    Emission indices 
of CO, HC, and NOx for jet 
(CF34) and turboprop (TPE331) 
engines.
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In general, modern gas turbine aircraft engines have much higher combustion ef�ciencies 
than the conventional piston engines used in general aviation. The research team observed this 
phenomenon in the ACRP Project 02-54 research. For example, consider the CO emissions from 
the CF34 jet engine. At idle, CO constitutes about 3% of the total carbon emissions, but con-
tributes �0.1% at T/O. HC emissions from this same engine are an order of magnitude smaller 
than CO emissions in these two states; this observation indicates that the CF34 engine has a 
combustion ef�ciency of 97% at idle and runs much more ef�ciently at the higher temperatures 
and pressures associated with high-power settings. On the contrary, for the measured piston 
engines discussed in the following sections, the averaged CO EI is 997 g/kg fuel at idle and 
798 g/kg fuel at T/O and the averaged HC EI is 167 g/kg fuel at idle and 42 g/kg fuel at T/O. These 
results imply that, even at the highest engine power condition, the combustion ef�ciency of a 
piston engine is approximately 50%. Thus gas turbine engines are more than 10 times better at 
idle and more than two orders of magnitude better at high power than the conventional piston 
engines in terms of CO and HC emissions. (“CO2 Carbon Fraction as an Indicator of Combus-
tion” in Chapter 5 presents more detail.)

Both volatile and non-volatile PM are present in the exhaust of aircraft gas turbine engines. 
Emitted to the ambient air, the engine exhaust is diluted and cooled by the surrounding envi-
ronment, so partitioning of the volatile species (e.g., volatile organic compounds and sulfuric  
acid) from gas phase to PM starts after the engine exit via condensation and new particle forma-
tion. This process will continue via microphysical interactions over a distance of hundreds of 
meters downstream. Accurate quanti�cation for both the non-volatile PM emissions and the 
volatile contributions to particle mass is necessary to estimate environmental and health impacts.

The non-volatile PM number and mass emissions (nvPMn and nvPMm) as well as the total 
particulate matter number emissions (tPMn) are determined for the two turbine engines in 
question and plotted in Figure 3-4. The research team found that, in general, the total PM 
number EIs (tPMn, pink) are much larger than the non-volatile PM number EIs (nvPMn, red) 
at each engine power condition. The total particulate count contains the non-volatile count, 
and so this is expected. This phenomenon has been observed in plumes encountered in �ight, 
in staged engine testing, and at airports. The difference between the two EIs is probably driven 

Figure 3-3.    Comparison of 
the General Electric CF34-3A1 
engine with ICAO database 
results.
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by the amount of condensable organic and sulfate species present in the engine exhausts. This is 
true for both the CF34 jet and the TPE331 turboprop engines.

As for nvPM, both the number and mass emissions of the CF34 engine are highly dependent 
on engine power condition. As shown in Figure 3-4, the lowest values of emissions in both nvPM 
mass and number occur near cruise power condition for the CF34 engine (40 – 50% of maxi-
mum fuel �ow, 67% thrust). This character in emission with respect to engine power results in 
the U-shaped EI curves, which have been observed during many previous emissions measure-
ments on modern gas turbine aircraft engines. These U-shaped curves occur because PM mass 
emissions are minimized at the highly ef�cient mid-power range typical of the cruise conditions, 
but increase at both take-off and idle where combustion ef�ciency is lower. The TPE331 turbo-
prop engine also shows this U-shaped character in nvPMm, although the minimum is shifted 
toward slightly higher powers. Conversely, the TPE331 shows continuously decreasing tPMn 
and nvPMn with increasing power state. Data does not exist for full tests on turboprop engines, 
so this is the �rst time such a PM signature has been characterized.

For the CF34 engine, the highest EI for nvPMm is 0.106 g/kg fuel at the highest engine thrust, 
T/O, while the lowest nvPMm EI is 0.002 g/kg fuel at cruise (50% of maximum fuel �ow, 67% 
thrust). This is in excellent agreement with previous measurements (Lobo et al. 2015) on a 
CFM56-7B24/3 engine that resulted in nvPMm EI of �0.100 g/kg fuel at full power and �0.001 
– 0.002 g/kg fuel at cruise. Unlike PM mass, the EI in number (nvPMn) peaks at engine idle 
9.3�1014 #/kg fuel, compared to 2.8�1014 #/kg fuel at full thrust.

Piston Engines

The large variability in piston engine emissions can be shown by plotting distributions of emission 
indices. Except for CO, the distributions are very skewed—the most common emission index is not 
equal to the average emission index.

Figure 3-4.    Emission indices for 
non-volatile particulate matter 
number (nvPMn), total particulate 
matter number (tPMn), and non-
volatile particulate matter mass 
(nvPMm) in number and mass.
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EI distributions change with increasing power (idle �  taxi �  cruise � take-off) as expected. 
HC emissions decrease with power. CO emissions largely stay the same. NOx emissions increase 
with power, peak at cruise, and then fall again. PM distributions behave differently depending 
on their measure (count vs. mass) and on their composition (total vs. non-volatile only).

This section explores the variability and trends in observed in carbon monoxide (CO), hydro-
carbons (HC), nitrogen oxides (NOx), and PM emissions from GA piston engines. Figure 3-5 
shows the expected behavior of the gaseous exhaust species as a function of the oxygen left in the 
exhaust, which scales inversely with the fuel/air (F/A) ratio. At the vertical 0 line, one achieves 
ideal stoichiometric combustion where all fuel is combusted to CO2, and all oxygen is consumed. 
Left of this line, the engine is operating with excess fuel (rich) and produces high amounts of CO 
and HC and low NOx. Right of this line, the engine is operating with excess air (lean) and pro-
duces high NOx but low CO and HC. The grey arrow in Figure 3-5 shows the expected behavior 
of the expected fuel/air ratio as a function of power state; for the piston engines examined here, 
one would not expect lean of stoichiometric behavior (hashed area). Although take-off (T/O) is 
the highest power state, it is not the leanest state; cruise is generally the leanest power state mea-
sured. (The reasons behind this are explored in “Pilot Mindset on Fuel Mixture” in Chapter 5.)

The emissions trends suggested by Figure 3-5 are borne out in the data from the piston 
engines. In Figure 3-6, aircraft count is plotted against emission index bins to yield distribu-
tions of EIs for measured piston engines. Four selected power states were chosen: idle, taxi, 
cruise and take-off. The approach, �nal approach, and climb-out states resembled the take-
off state and were omitted for clarity. All EI axes were logarithmically scaled, except for CO, 
to highlight the orders-of-magnitude differences observed among emissions from different 
aircraft. Grey arrows show how the peak emissions distributions change with increasing 
power state.

As shown in Figure 3-6, except for CO emission index, lognormal distributions were observed 
for HC, NOx, and PM emissions. Lognormal distributions are skewed distributions: the most 
common emission index (the mode) is smaller—sometimes much smaller—than the average 
emission index. These distributions demonstrate orders-of-magnitude difference in emissions 
among piston engines, even of the same engine model. Given that a lognormal distribution often 
results from a statistical multiplicative product of several independent variables, the research 

Figure 3-5.    Expected exhaust gas 
composition as a function of the 
richness of combustion.
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team’s observation of lognormal distributions indicates that many random variables (e.g., fuel-
to-air ratio (F/A), ambient temperature, and pilot preference of aircraft operation) are involved 
in determining the HC, NOx, and PM emissions from piston aircraft engines.

In contrast to other species, CO emissions follow a normal distribution. The CO emissions 
are relatively constant with engine power, except at cruise condition, where CO emissions �at-
ten out with the lowest mean value. Given that CO is an indicator of incomplete combustion 

Figure 3-6.    Distributions of emission indices as a function of power 
state (idle, taxi, cruise, take-off). Logarithmic axis for all EIs except carbon 
monoxide. The grey arrows show how the peak of the distribution 
moves with increasing power.
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(see “CO2 Carbon Fraction as an Indicator of Combustion” in Chapter 5), formation of CO is 
sensitive to the internal combustion engine temperature and F/A ratio. At fuel-rich combustion 
conditions, CO concentration normally increases with F/A ratio. When the F/A ratio closes to the 
stoichiometric condition, CO starts to decrease dramatically. As shown in Figure 3-6, CO emis-
sion increases from idle to taxi, to take-off, and then to cruise, indicative of a decreasing F/A. The 
research team’s CO emission results re�ect that pilots prefer to operate rich in all engine states 
except for cruise (see “Pilot Mindset on Fuel Mixture” and “CO2 Carbon Fraction as an Indicator 
of Combustion” in Chapter 5). CO emissions at this lean-cruise condition are, on average, almost 
half those in the T/O or C/O conditions (rich).

The lognormal distributions in Figure 3-6 indicate that HC emissions decrease with increasing 
engine power. HC emissions from piston engines mainly consist of unburned and slightly burned 
fuel (see “Hydrocarbon Emissions from GA Are Primarily Unburned Fuel” in Chapter 5). Three 
main processes are expected to contribute:

1.	 Engine mis�re,
2.	 Wall quenching, and
3.	 Combustion chamber deposits.

Additionally, HC concentrations can be in�uenced by the temperature of the fuel-to-air (F/A) 
mixture as it enters the combustion chamber, so large changes in ambient temperature could 
have an effect. The effect of ambient temperature on piston engine measurements is explored 
in Chapter 5. The observed lognormal distributions for HC emissions are consistent with these 
multiple in�uential variables.

As demonstrated in Figure 3-6, NOx emissions from piston engines are inversely correlated 
with F/A and lognormally distributed. In this research, NOx emissions are highest at cruise, 
decreasing in the following order: cruise � take-off � taxi � idle. This order implies that F/A 
at cruise is the lowest and is the highest at idle—this is in agreement with the observations from 
CO and HC emission measurements.

Shapes of the PM emission distributions are broader and harder to de�ne than those for HC 
and NOx emissions. In addition, the skewness, or asymmetry, of the distributions also becomes 
much larger, especially for the nvPMm emissions. The broad distribution and large skewness 
imply that additional measurements and analysis are necessary to understand the source and 
evolution of PM emissions from piston aircraft engines.

For piston aircraft engines, measurement results indicate black carbon soot emissions (nvPMm) 
are larger at the low-power conditions (idle and taxi), contrary to the observation from turbofan 
aircraft engines. The total soot emissions at a GA airport will be dominated by a few high emitters. 
At take-off, for example, the largest three emitters contribute 50% to the total emissions from 
44 aircraft engines.

Emissions of nvPMn, which include contributions from both black carbon soot and PbBr2 
particles, are much less sensitive to power condition, compared to nvPMm emissions. Figure 3-6 
shows a slight increase of nvPMn emission with engine power. This observation implies that 
PbBr2 particles are signi�cant contributors to the nvPMn emissions, since PbBr2 emission is 
independent of engine power. Further investigation is necessary to distinguish the contributions 
from PbBr2 and black carbon soot.

In general, total PM number emissions (tPMn) are ten times larger than the nvPMn emis-
sions, indicative of predominance of volatile PM over non-volatile PM. Given the high level of 
incomplete combustion for piston aircraft engines, this observation is understandable. However, 
the research team also observed bimodal lognormal distributions for the tPMn emissions at each 
engine condition. The difference between the two modes is more than one order of magnitude. 
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The smaller of these two modes may come from nucleation mode particles generated from vola-
tile material/unburned fuel, whereas the larger particles can come from black carbon soot. The 
contribution of lead particles to these modes is still under investigation.

GA Emission Indices Show a Great Deal of Variability

A major �nding from this research is that emissions from GA piston engines show a great deal 
of inherent variability. Piston aircraft are operated somewhat by “feel.” For example, in the idle 
state, pilots reduce the throttle (and therefore the engine RPM) until the engine starts to run too 
roughly. The pilot also has direct control over the fuel/air mixture, and the research team has 
seen evidence of fuel additives (see following sections). Thus, for piston aircraft, the parameters 
that de�ne a valid idle (or any other state) span a large multidimensional parameter space, par-
ticularly when compared to a turbojet engine, where mixture is handled automatically, and the 
pilot can dial in a percent power for each state.

The research team’s recommendation for dealing with this variability is to understand that any 
airport emissions inventory produced for GA will carry uncertainty bars directly related to the nature 
of piston engines and their operation.

Policies, such as encouraging pilots to run lean (less excess fuel), could be investigated, especially 
during taxi and idle where there is no safety issue with stalling the engine. This is one way of mitigat-
ing airport emissions of hydrocarbons and CO, but with a potential increase in NOx.

Quantitative Validation of Existing Data

The inherent variability in the data means that few existing data points can be invalidated with 
certainty. The most important invalid data point is the hydrocarbon emission index from the Lycom-
ing O-320 engine, which is underestimated by a factor of 2.3 versus the results from this study.

The research team investigated three sources of existing aircraft emissions data:

1.	 The Swiss Federal Of�ce of Civil Aviation (FOCA 2007a), which includes
a.	 Original measurements
b.	 Data from FAA’s Aircraft Engine Emissions Database (FAEED)

2.	 FAA’s Emission and Dispersion Modeling System (EDMS), which will be the same data used 
in the new standard, the AEDT, and which includes
a.	 Data from the Environmental Protection Agency’s Compilation of Air Pollutant Emission 

Factors – Mobile Sources (AP-42) (EPA 1989)
b.	 Data from jet engine manufacturers like Pratt & Whitney

3.	 The International Civil Aviation Organization Database (ICAO 2013), which includes data 
from commercial jet engines

To quantitatively validate (or invalidate) this data, the research team considered the emis-
sions burden of a given engine type for a standard landing-take-off cycle (LTO). This burden, 
expressed as g/LTO, rolls up the emissions factors and the fuel �ows for all engine states of 
interest. Calculating LTO burdens allowed the research team to turn a 28-dimensional problem 
(seven engine states multiplied by four emission species) into a 4-dimensional problem. Vali-
dation was done for engines that the research team measured several times. These repeat mea-
surements allowed the research team to determine with con�dence the true variability between 
different instances of the same engine. The research team thus reports 95% con�dence intervals 
on the average measured emissions burden. Four emission types were compared: hydrocarbons 
(HC), carbon monoxide (CO), oxides of nitrogen (NOx), and non-volatile PM mass (nvPMm) 
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measured via engine exhaust particle sizer (EEPS). Table 3-1 lists the LTO times used. For the 
existing data, which does not differentiate between idle and taxi, nor between approach and �nal 
approach, the sum of the relevant times was used. Different characterization technologies were 
used to compare particulate quanti�cation. The FOCA data was collected using a combination 
of the scanning mobility particle sizer (SMPS) and the EEPS 3090.

Table 3-2 shows selected experimental data used in the comparisons. Color bars guide the 
eye to the magnitude of the emission burden. Variability con�dence intervals are expressed as a 
percentage of the average so that they can be compared on equal footing:

�
� �@

% 95%CI
T

avg

DF

where

%CI is the percent confidence intervals,
avg is the average of the replicate determinations of emissions burden per LTO,
� is the standard deviation of these replicates, and
TDF

95% is the student’s T at 95% confidence for degrees of freedom (DF � count � 1).

In these results, engine subtypes are neglected because no repeat measurements of any of 
the particular subtypes of FOCA data were acquired, and EDMS does not differentiate among 
subtypes.

�������� ��� � �� ������ � �� �����
��� � ��� ��� �


�	�
����� 42 132 0 210 30 660 900

Table 3-1.    LTO time-in-modes used in calculating emissions burdens. Engine states 
considered are take-off (T/O), climb-out (C/O), cruise, approach (App), �nal approach  
(Final App), taxi and idle.

Table 3-2.    Experimental data for use in validation. The size of the color bars is proportional to the 
magnitude of the emissions burden for HC (orange), CO (pink), NO x (green) and tPMm (blue).

Engine Full Tests
HC Avg Variability CO Avg Variability

NOx
Avg

Variability

g/LTO
% at 95%
Conf

g/LTO
% at 95%
Conf

g/LTO
% at 95%
Conf

tPMm
Avg

Variability

g/LTO
% at 95%
Conf

FullEngine
GeneralElectric CF34 3A1 1 292 7315 1278 7.04
EngineFamily Count
LycomingO 320 16 258 38% 4083 47% 32 246%
LycomingIO 360 4 598 116% 4387 47% 44 434%

0.90 120%
2.04 358%

LycomingO 360 6 406 95% 4924 58% 16 220%
LycomingIO 520 1 968 6960 13

1.68 186%
1.95

TCM O 470 1 391 3441 11
LycomingO 540 3 747 236% 6457 108% 21 32%
LycomingIO 540 4 795 115% 8483 96% 39 212%

1.02
3.06 444%
3.33 230%

Horse Power Family
diverseProp 200hp 35 346 112% 4056 51% 26 255%
diverseProp 300hp 10 753 95% 7078 79% 27 171%
diverseProp 160hp 25 275 75% 3841 52% 25 256%

1.27 169%
2.83 188%
1.00 123%
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In Table 3-2 con�dence intervals are generally the best (smallest) for the Lycoming O-320 
engine family because the 16 replicate tests contribute to good statistics of these inherently 
highly variable emissions burdens (4 partial tests were excluded). When we apply the EDMS 
protocol of grouping all engines at or below 200 horsepower (HP), somewhat poorer statistics 
for the HC burden emerge, despite a greater number of measurements. Table 3-2 shows that a 
better grouping of engines would be anything below or equal to 160 HP. Although some of these 
con�dence intervals are greater than 100%, emission burdens may never be negative.

In Table 3-3, selected pre-existing results from FAEED, EDMS and FOCA are shown. These 
results are not reported with any con�dence intervals and, at least for the FOCA data, are the 
result of a single aircraft measurement. Data is considered valid if it falls within the 95% con�-
dence intervals shown above. The General Electric CF34 jet is compared to ICAO data, although 
there is only a single aircraft measurement. For this jet, strict con�dence intervals of �50% were 
assumed. The following invalid existing data points are evident from Table 3-3:

1.	 The FOCA Lycoming O-320 HC emissions burden is too low (69 vs 258 g HC/LTO)
2.	 The FOCA Lycoming IO-360 CO emissions burden is too high (6988 vs 4387 g CO/LTO)
3.	 The FOCA Lycoming O-540 NOx emissions burden is too low (3 vs 22 g NOx/LTO)
4.	 The ICAO General Electric CF34-3A1 CO emissions burden is too low (3350 vs 7315 g CO/LTO)
5.	 The EDMS Lycoming O-320 HC emissions burden is too low (115 vs 258 g HC/LTO)

Of these invalid data, Item 5 is the most important. Item 5 involves an underestimate of HC 
emissions in EDMS/AEDT on the common Lycoming O-320 engine and, as such, will probably 
be used by default in any calculation GA airport emissions. The emissions are underestimated 
by a factor of 2.3.

Given the large variability in the emissions performance found in piston engines, it is unlikely 
that any of the cases found to be invalid via the comparison criteria adopted here were �awed 
measurements. The research results suggest that the characterization work was probably legitimate 
and that there is just a signi�cant amount of variability in piston engine emissions.

Given the many repeat measurements of Lycoming O-320 family engines, the research team 
recommends average data from this family be substituted in current software for airport emis-
sions estimates. Other engine families do not have the same number of replicates, and so the 
research team does not recommend them for substitution until additional data is available.

Engine
Data
Source

HC
[g/LTO] valid?

CO
[g/LTO] valid?

NOx
[g/LTO] valid?

diverse Prop-200hp FAEED162 116 YES 5350 YES 8 YES
diverse Prop-300hp FAEED160 345 YES 5481 YES 20 YES

tPMm
[g/LTO] valid?

0.27 YES
2.02 YES

LycomingO-320 FOCA 69 NO 3426 YES 36 YES 0.26 YES
LycomingO-360 FOCA 115 YES 5948 YES 17 YES
LycomingIO-360 FOCA 168 YES 6988 NO 9 YES

0.32 YES
1.30 YES

LycomingO-540 FOCA 215 YES 8470 YES 3 NO
LycomingIO-540 FOCA 244 YES 7974 YES 23 YES 1.11 YES
General Electric CF34-3A1 ICAO 313 YES 1rep 3350 NO 1rep 1137 YES1 rep
LycomingIO-360 EDMS 104 YES 4017 YES 20 YES
LycomingO-320 EDMS 115 NO 5326 YES 8 YES

Table 3-3.    Validation of existing data. The size of the color bars is proportional to the magnitude 
of the emissions burden for HC (orange), CO (pink), NO x (green) and tPMm (blue).
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Sensitivity Analysis  
on Airport Emissions

Sensitivity Analysis Using EDMS/AEDT Tools

A hypothetical GA airport’s emissions were calculated before and after inclusion of the newly 
measured emission indices. Differences of CO: �6%, HC: 194% and NOx: 64% were found. The 
effect of emissions variability is important. In fact, these seemingly large changes are not statistically 
different from the baseline scenario because the 95% con�dence intervals for the updated scenario 
are very wide and the baseline scenario falls within their bounds.

Introduction and Purpose

This chapter summarizes the method used for and results of the sensitivity analysis comparing 
the effects of updating EDMS/AEDT database default emission indices with measured emission 
indices performed for ACRP Project 02-54, “Measuring and Understanding Emission Factors for 
GA Aircraft.” The sensitivity analysis consisted of using the FAA’s Emissions & Dispersion Mod-
eling System (EDMS) modeling tool to determine the potential effect on computed emissions that 
may result from replacing or supplementing existing emissions indices within the EDMS/AEDT 
database with those measured in the �eld campaigns during ACRP Project 02-54. For this assess-
ment, EDMS was used, because it produces results similar to the new AEDT.

Assessment

For ease of understanding, the analysis is divided into three steps:

1.	 GA Airport Fleet: FAA’s National Tail Number Registry was used to identify the top 50% of 
aircraft engines within each engine category [i.e., single engine piston (SEP), multi-engine 
piston (MEP) and single engine turboprop (SETP)] to develop a hypothetical national GA 
airport �eet.

2.	 Engine Substitutions: Engine substitutions were performed to use the measured data, deter-
mine engine similarities, and provide recommendations on substitute engines for use in 
EDMS/AEDT modeling when no measured or database emission information is available.

3.	 Sensitivity Analysis: A sensitivity analysis was performed to compare the effects of updating 
EDMS/AEDT default emission indices with measured emission indices. The sensitivity analysis  
provides understanding of the potential effect of the research results on a hypothetical airport.

Detailed discussion of these three steps follows.

Step 1—Identifying a Hypothetical National GA Airport Fleet

FAA’s National Tail Number Registry was used to select a representative �eet for a hypothetical 
airport.

C H A P T E R  4
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FAA’s National Tail Number Registry was queried to construct a representative aircraft popula-
tion. The data was further summarized and ranked by number of occurrence for each aircraft engine 
within each engine category. The top 50% of each engine category was then used as the Hypothetical 
National GA Airport �eet, as shown in Table 4-1. This category break-down did not allow capture of 
every possible aircraft. For example, turbofan engines were excluded. The dif�culty in constructing 
this �eet was due to the lack of data from the FAA registry about GA operations.

Step 2—Engine Matching and Substitutions

Engine substitutions were required because some engines are not available in the airport emissions 
simulation software AEDT and EDMS. Substitutions were done by comparing aircraft weight and 
engine horsepower. Flowcharts outline the required steps.

The aircraft engines from the Hypothetical Fleet (Table 4-1) were matched to the engines 
sampled in each �eld campaign for this project only if they were exact engine matches. Engines 

Table 4-1.    Hypothetical National GA Airport �eet.
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•� �
1 6 CESSNA 172 O 320 10570 11

2 12 CESSNA 182 O 470 10057 10

3 18 CESSNA 150 O 200 9266 10

4 22 PIPER PA28 O 320 7633 8

5 26 CESSNA 172 O 300 6836 7

6 29 PIPER PA28 O&VO 360 5346 6

7 31 CIRRUS
DESIGN
CORP

SR22 IO 550
2854

3

8 33 MOONEY M20 IO 360 2704 3

9 34 PIPER J3C65 A&C65 2359 2

10 35 CESSNA 152 O 235 2254 2

11 37 CESSNA 180 O 470 2128 2

12 38 CESSNA 172 IO 360 2102 2

13 39 PIPER PA 28 IO 360 2075 2

14 40 PIPER PA 22 O 320 2049 2

15 41 BEECH 35 IO 520 2021 2

16 43 PIPER PA 18 O 320 1940 2

17 44 CESSNA 170 C145 1795 2

18 45 PIPER PA 32 TIO 540 1749 2

19 46 CESSNA 210 TSIO520 1725 2

20 47 AERONCA 7AC A&C65 1711 2

21 48 BEECH 35 IO 470 1677 2

22 49 CESSNA 140 C85 1468 2

23 49 CESSNA 182 IO 540 1406 1

24 50 MOONEY M20 O&VO 360 1328 1

25 51 PIPER PA 28 O 540 1312 1
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were substituted when the engines from the Hypothetical Fleet were not present in the EDMS/
AEDT databases. In these cases, the research team used one of the following methods, based on 
data availability:

�� Simple substitution method, or
�� Advanced substitution method

The simple substitution method was used when detailed data was not available. Substitutions 
were made based on aircraft and engine family.

The advanced substitution method involves substituting an engine based on engine/aircraft 
family as well as one with similar emission coef�cients, horsepower, and weight. For a more 
conservative analysis, an aircraft/engine with higher emission coef�cients and aircraft weight is 
chosen. Obtaining this information requires researching the sampled aircraft/engine and look-
ing up emission coef�cients and aircraft weights within the EDMS/AEDT databases. Given that 
the hypothetical airport is constructed from the FAA Tail Registry Database, only engine family 
is available, and only the simple method is required. This type of engine substitution is standard 
practice for �rms specializing in using EDMS and AEDT software.

Figure 4-1 outlines the procedure for the simple substitution method. Engine/aircraft entries 
for the hypothetical airport were compared one by one to the available combinations in EDMS/
AEDT. Engine matches were prioritized over aircraft matches. For example, if a Cessna 150 with 
an O-320 engine was sampled in the �eld but this aircraft/engine combination was not in the 
EDMS/AEDT modeling databases, the recommended substitution would be a Cessna 172 with 
an O-320 engine, because the engine is a match, and the Cessna 172 aircraft is comparable to the 
Cessna 150 in terms of weight.

Table 4-1.    (Continued).
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���
1 6 CESSNA 310 IO 470 1169 1
2 12 BEECH 95 IO 470 1068 1

3 17 PIPER PA30 IO 320 937 1

4 22 PIPER PA31 TIO 540 902 1

5 27 PIPER PA23 TIO 540 899 1

6 32 PIPER PA34 TSIO360 883 1

7 36 CESSNA 421 GTSIO 520 716 1

8 40 CESSNA 340 TSIO520 660 1

9 43 CESSNA 337 IO 360 649 1

10 47 PIPER PA 23 O 320 597 1

11 50 BEECH 58 IO 520 593 1

12 53 CESSNA 414 TSIO520 565 1

•���
1 17 CESSNA 208 PT6A 466 <0

2 33 PILATUS PC12 PT6A67 464 <0

3 52 EADS
SOCATA

TBM700 PT6A66
259

<0

���	 • 97192 100%

*Single engine piston (SEP), mul�-engine piston (MEP) and single engine turboprop (SETP)
**Rank indicates the rank by number of occurrence for each aircra� engine within each engine category (e.g., SEP, MEP, and SETP).
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A second set of matches was constructed, substituting experimental data when available.  
Figure 4-2 outlines this procedure. If no experimentally measured data matches exactly, no further 
substitution is done and the procedure defaults to the EDMS/AEDT dataset match.

Table 4-2 shows sample mappings for the �ve most common SEP aircraft and lists the Hypo-
thetical Fleet aircraft make/model and engine family, the sampled aircraft engine model, and the 
EDMS/AEDT aircraft make/model and engine it was matched with. Priority was given to match 
the aircraft engine family over the aircraft make/model. (Table L-1 in Appendix L details the full 
mapping for all hypothetical airport engines.)

Figure 4-1.    The simple substitution method for  
EDMS/AEDT data.

Figure 4-2.    The simple substitution method for experimentally 
measured data.
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Step 3—Sensitivity Analysis

Two emission scenarios were compared for the hypothetical airport:

�� A baseline scenario using pre-existing data and
�� An updated scenario including experimental data.

The variability of the experimental data was used to de�ne limits for the updated scenario; thus one is 
95% con�dent that the hypothetical airport emissions fall between the upper and lower con�dence limits.

The baseline scenario largely fell within these con�dence limits. Even though some observed changes 
were big (e.g., � 194% for hydrocarbon emissions), the differences were not statistically signi�cant.

A sensitivity analysis using EDMS/AEDT was performed to determine the potential effect of 
replacing existing emissions indices in the EDMS/AEDT database with those derived during 
the ACRP Project 02-54 sampling �eld campaign on computed emissions. For this analysis, the 
research team used the latest version of FAA’s EDMS (Version 5.1.4.1). The FAA released the 
new AEDT model in May 2015, with the current release of AEDT2b (Service Pack 2) released 
December 22, 2015. As detailed on FAA’s website, AEDT was addressing multiple bug �xes, 
including known issues with user-de�ned aircraft and emission reports. Given current and 
pending updates to AEDT, ACRP Project 02-54 focused on using the EDMS model for its com-
parison, because the results computed would be similar to those of AEDT.

To add new aircraft to EDMS, the User-Created Aircraft option was invoked in EDMS. This 
application allows a practitioner to create a user-de�ned aircraft; assign it a �ight pro�le; des-
ignate other operational characteristics that have a bearing on emissions calculation; and, most 
signi�cantly, input measured carbon monoxide (CO), hydrogen carbons (HC), nitrogen oxides 
(NOx), and smoke number (SN) emissions indices that are divergent from available EDMS/
AEDT information. Figure 4-3 is a screenshot of a user-created menu of available options for 
this function within EDMS/AEDT.

Similarly, to create a user-de�ned aircraft in AEDT, the user must copy data from an aircraft 
that already exists in the AEDT database and modify the emission indices under engine emission 
coef�cients (see Figure 4-4) with the new data. Detailed instructions on how to create user-de�ned 
aircraft are presented in the AEDT 2b User Guide, December 2015 (Koopmann et al. 2015).

The sensitivity analysis was performed at the hypothetical GA airport at an airport �eet level (i.e., 
the full complement of GA aircraft operating at an airport with the full level of operations assigned). 

����������������� �������
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������� ��������

Cate
gory

Aircra�
Make

Aircra�
Model

Engine
Family

Aircra�
Make

Aircra�
Model

Engine
Model

�� � CESSNA 172 O 320 O 320 Cessna 172 0-320 Exact match withHypothe�cal
Fleetand sampled aircra�/engine.

CESSNA 182 O 470 O 470 Cessna 182 IO-360-BNoO 470 in EDMS;chose IO 360
because (onlyop�on for Cessna
182)similarhorsepower(hp).

CESSNA 150 O 200 O 200 Cessna 150 O-200 Exact match withHypothe�cal
Fleetand sampled aircra�/engine.

PIPER PA28 O 320 O 320 Piper PA-28 O-320 Exact match withHypothe�cal
Fleetand sampled aircra�/engine.

CESSNA 172 O 300 Cessna 172 O-320 NoO 300 in EDMS;chose O320
because similar hp.

Table 4-2.    Example mapping of �ve hypothetical �eet air craft to their equivalent  
engines in sampled and EDMS/AEDT datasets. (Full mapping is available in Appendix L)
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Figure 4-3.    EDMS user-created aircraft modeling options.

For each aircraft replaced with a surrogate with derived emissions indices resulting from the ACRP 
Project 02-54 sampling �eld campaign, emissions were computed under three scenarios as follow:

1.	 Baseline Scenario: using EDMS/AEDT aircraft with its default/existing information,
2.	 Updated Scenario (User-de�ned Averages): populating EDMS/AEDT with averages of the 

user-de�ned alternatives representing the re�ned data from the sampled �eld campaigns, and
3.	 Updated Scenario (User-de�ned Upper Limits): populating EDMS/AEDT with upper limits 

of the user-de�ned alternatives representing re�ned data from the sampled �eld campaigns. 
For this analysis, the upper limit consisted of the 95% con�dence interval estimate, which 
re�ects a signi�cance level of 0.05.

These emission inventories were produced and compared to assess the aggregate change in 
emissions on an aircraft/engine-speci�c level (i.e., aircraft operational modes). For example, it 
would be possible to disaggregate the results and attribute the change to a speci�c aircraft mode 
whose emissions indices for that speci�c mode substantially changed as a result of the research 
effort. For consistency and to focus on the effects of the new emission indices, all other standard 
EDMS/AEDT input data (e.g., operational times-in-mode for taxi/idle, take-off, etc.) were used. 
The default approach and climb-out times were based on standard ICAO/EPA data up to an 
altitude of 3,000 feet. Default taxi-in and out times of 7 and 19 minutes were also used.

To estimate the number of operations per aircraft in the Hypothetical Fleet, equal use through-
out the year was assumed for each aircraft, because operational data is not publicly available. The 
total annual operations from 20 GA airports in the United States were averaged using data from 
FAA’s Operations Network, giving an average of 97,192 operations (i.e., 48,596 landing/take-off 
(LTOs)) per year per airport. The number of operations of each aircraft was estimated based 
on its occurrence over the total averaged operations (Table 4-1) within the Hypothetical Fleet.
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Figure 4-4.    AEDT user-de�ned aircraft modeling options.

Baseline Scenario

Under the baseline scenario, the current EDMS/AEDT databases of GA aircraft engine emission 
indices were used to populate the scenario using the Hypothetical Fleet. EDMS was populated 
either with an aircraft/engine with an exact match to a sampled aircraft/engine or a surrogate 
based on similar aircraft type/weight and engine operational characteristics (i.e., emission coef-
�cients and horsepower) from the EDMS/AEDT database. Table 4-2 (with additional values in 
Table L-1) lists the aircraft/engines sampled during the ACRP Project 02-54 �eld campaign and 
the corresponding surrogates used in EDMS/AEDT. Explanations for why each aircraft and engine 
assignment were chosen in EDMS are also listed. Substitutions were made by choosing an aircraft/
engine with more conservative (i.e., higher) engine coef�cients and/or higher aircraft weight.

Using surrogate GA aircraft/engines emission indices for aircraft not in EDMS databases has 
become the standard operating procedure (SOP) when using the model. Therefore, among the 
objectives of the ACRP Project 02-54 research was to show the need to expand this limited database 
of GA aircraft emission indices and provide model users with a greater range of aircraft/engine 
choices.
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Updated Scenarios

The updated scenarios examined consisted of (1) using averages of samples collected and 
(2) using the upper limits (within a 95% con�dence interval) of samples collected:

�� Average Scenario: Averages of each aircraft/engine sampled indices within each mode/thrust 
setting were entered into EDMS for comparison with the baseline scenario and

�� Upper Limit Scenario: Upper limits were calculated as the 95% con�dence interval and 
entered into EDMS for comparison with the baseline scenario. Some aircraft did not have 
suf�cient data/number of samples for upper limits to be computed.

Under the updated scenarios, new GA aircraft engine emission indices derived from the ACRP 
Project 02-54 sampled �eld campaigns were added to the EDMS database using the model’s 
User-Created Aircraft option (see Figure 4-3). Total PM mass emissions (tPMm) were the only 
measure of PM considered here. Additional parameters such as, but not limited to, the number 
of engines, aircraft/engine category, and �ight pro�le were entered. The times in mode for each 
aircraft were left as EDMS default times. If a mode was not measured in the updated scenarios, 
the default values for that mode were kept. This process was repeated for each of the aircraft 
sampled in the �eld campaigns.

Results of the Sensitivity Analysis

Table 4-3 summarizes the emission inventory results (in short tons per year) when comparing 
the baseline scenario (EDMS default values) to the Updated Average and the Updated Upper 
Limit Scenarios, respectively. Only aircraft and ground support equipment (GSE) are reported, 
because auxiliary power units (APUs) are not present in the Hypothetical Fleet selected.

Measure Scenario CO2 CO THC NMHC VOC TOG NOx SOx
PM
10

PM
2.5

Fuel
Consum

p�on

Aircra�

Baseline 2,909 1,048 21 19 18 21 2 ~1 3 3 922

Updated
Average

3,198 989 63 70 70 71 3 ~1 ~1 ~1 1,014

Updated
Upper Limit

3,493 1,780 244 279 277 280 18 ~1 2 2 1,107

GSE

Baseline N/A ~1 N/A 0.1 0.1 0.1 0.3 <0.1 <0.1 <0.1 N/A

Updated
Average

N/A ~1 N/A <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 N/A

Upper Limit N/A ~1 N/A <0.1 <0.1 0.1 0.2 <0.1 <0.1 <0.1 N/A

Totals

Baseline 2,909 1,049 21 19 18 21 2 ~1 3 3 922

Updated
Average

3,198 990 63 70 70 71 3 ~1 1 ~1 1,014

Updated
Upper Limit

3,493 1,781 244 279 277 280 18 ~1 2 2 1,107

%Di�erence (average) 10 6 194 275 288 238 64 10 66 66 10

%Di�erence
(upperlimit)

20 70 1,046 1,391 1,447 1,235 861 20 31 31 20

Table 4-3.    EDMS/AEDT results comparison for baseline, average and upper limit 
scenarios (short tons per year).
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When all aircraft results are averaged together, results comparing measured emission indices 
to the EDMS default values indicate that overall increases in emissions ranging from 10 to 288% 
are revealed for carbon dioxide (CO2), total hydrocarbons (THC), non-methane hydrocarbons 
(NMHC), VOC, total organic carbon (TOG), nitrogen oxides (NOx), sulfur oxides (SOx), and 
fuel consumption. By comparison, CO is shown to decrease by approximately 6%, and PM by 
66%. PM10 and PM2.5 emissions are also shown, where PM10 is a measure of particulate matter 
mass that is smaller than 10 �m in diameter.

The results of the sensitivity analysis include more than the four emissions species input: 
EDMS has partitioned certain species into subcategories. For example, THC (or HC) has been 
used to calculate the values for NMHC, VOC, and TOG. This partitioning uses a set of factors 
built into EDMS that are chosen based on EPA guidance. Factors are different for turbines and 
for pistons. In a similar way to HC, PM10 emissions are used to determine PM2.5. Investigating 
these factors for GA is one area for future research. In fact, as a part of this project, data was 
collected that would allow comparison of many different emission ratios (e.g., VOC/THC) and 
would help verify or rede�ne these partitioning factors. PM size measurements were also col-
lected and show the partitioning of PM sizes. For example, piston engine PM sizes are typically 
smaller than 20 nm (0.02 �m), more than 100 times smaller than the cutoff for PM2.5.

Figure 4-5 shows the results from this sensitivity analysis for four main emissions compounds. 
The solid bars are the baseline or updated scenario averages, while 95% con�dence limits are shown 
with a thin capped line. The upper limits are signi�cantly higher than the average values, because of 
the large variability of emissions for piston engines. In all cases except CO, the lower limits reach 
0 (emissions cannot be negative). Figure 4-5 also demonstrates that only extreme changes in a GA 
airport’s emissions will be statistically signi�cant (true with 95% con�dence). In fact, the large 
changes in the updated scenario are not statistically signi�cant except for PM10. The change in PM10 
emissions is not surprising: the EDMS/AEDT data for piston engines all have the exact same PM 
emission factors, a sign that these are default values. Overall, piston engine emissions variability 
turns out to be much more important than the updates in individual emission factors.

The effect of emissions variability is important in a regulatory framework, because when the 
upper limit emission coef�cients are used, all indices increase signi�cantly, with the exception 
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Figure 4-5.    Results of the hypothetical 
airport sensitivity analysis showing baseline 
and updated results (solid bars), along with 
95% upper con�dence limits on the updated 
results. All emissions are given in mega 
grams per year (Mg/yr).
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of PM, when compared to using EDMS default emission indices. The Upper Limit Scenario 
deliberately introduces values much higher than the Average Scenario and would overestimate 
results in 97.5% of cases. For example, VOCs increase by 1,447% when using the upper limits 
as compared to the default EDMS values.

These 95% con�dence intervals are undesirably wide. They are also taken assuming a Gaussian  
distribution of emitters. As shown in Chapter 3, except for CO, those distributions are not 
Gaussian. The following section will investigate a more sophisticated approach toward getting 
con�dence intervals on this sensitivity analysis. This approach aims to shrink these con�dence 
limits and incorporate knowledge on the distribution shapes.

Overall, the results of this sensitivity analysis indicate that the effect of piston engine vari-
ability is much larger than the effect of updated emission indices. EDMS/AEDT aircraft/engine 
selections and default aircraft engine indices are representative, within our con�dence intervals, 
of measured aircraft engine emission indices for many pollutants. This is despite seemingly large 
differences in total yearly emissions. The wide con�dence limits highlight the need to improve 
and better use knowledge about the distribution of emitters, either through advanced statistical 
methods or with high numbers of repeat measurements of commonly used piston engines. The 
extensive engine mapping required to perform this analysis for a hypothetical GA airport further 
demonstrates the need to expand this limited database of GA aircraft and provide model users 
with a greater range of aircraft/engine choices.

Using Monte Carlo Methods to Improve Airport 
Emissions Estimates

The emissions at a hypothetical airport were simulated by sampling from the measured emission 
indices. This “Monte Carlo” approach is different from simply using the average indices for each 
aircraft and allows the variability of the results to come into play. The con�dence limits in the �nal 
airport emissions were shrunk signi�cantly.

Monte Carlo methods are a promising tool for pinning down yearly emissions burdens, as long as the  
input data (e.g., time in mode, large number of emission indices) are suf�cient. Despite a large 
variability in emission indices, it is possible to constrain an airport’s emissions tightly over time.

The sample of GA engine emissions produced in this research exhibits variability. It is dif�cult 
to forecast the overall uncertainty in using the average emission indices to compute a burden 
at an airport; traditional assumptions about normal distributions do not necessarily apply to 
this limited sample of engines coupled with their variable EIs. Here, the research team describes 
a Monte Carlo (MC) simulation that pits the variability in the EI data against the number of 
operations at the hypothetical GA airport. The basis of the Monte Carlo simulation will be to 
draw on the pool of EI data for each engine type described in Table L-1. To compute the airport 
emissions burden, the annual number of operations for each engine type will be summed with 
each LTO by drawing a random aircraft test point. In this way, all ACRP, EDMS, ICAO and 
FOCA data types are sampled. Figure 4-6 illustrates the procedure.

In the base case MC simulation, the variance of the fuel �ow is considered to be Gaussian or 
normally distributed. The base times in mode are common for all operations and all engine/
airframe types (see times in Figure 4-3). The base time in mode is modi�ed by a factor from 
0.5 to 2.0, using an asymmetric distribution centered on 1, so as to induce additional variability 
in the emissions burden. The simulation case “EDMS” uses only the EDMS engine types and 
a tabulation of those engine substitutions. The simulation case “EDMS � FOCA, FAA Aircraft 
Engine Emissions Database (FAEED), ACRP” combines all test data in the pool of emissions data 
to draw from, including the fuel �ow rate data.
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Figure 4-7 illustrates the differences observed in the net distributions of CO emissions per 
LTO. This �gure is constructed by repeatedly drawing from the sample pool of emission indices 
until the results converge. The total CO burden to the airport is shown in grey for the baseline 
(left) and updated (right) scenarios. The individual contributions of the power states are shown 
in color. In this case, although the size of the sample pool has gone up by an order of magnitude, 
there is little change in the central value of the distribution (grey). This similarity means that the 
n �  2 CO emissions data points in AEDT/EDMS are representative of the larger n � 22 sample 
pool measured here. This result is expected because CO emissions are found to be Gaussian dis-
tributed (see Figure 3-6). Results from the emissions species HC and NOx do not show this same 

Figure 4-6.    Schematic representation of the Monte Carlo 
simulation of total emissions burden at the airport. Many 
of these “annual” simulations are performed to deduce the 
distribution of emissions.

Figure 4-7.    Distribution of CO emissions burden per LTO. The left hand panel is the EDMS only 
simulation result for numerous synthetic LTOs. The right hand panel includes EDMS with the test 
data from this project. The grey line is the distribution resulting from the sum of the LTO phases.
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trend. Figure 4-7 also suggests the climb-out phase of the LTO is responsible for the greatest  
share of emissions.

Generating distributions of emissions by LTO state (and total) was repeated for the two 
engine lists used in the sensitivity analysis. Employing MC simulations this way does not account 
for any usage pro�le bias—all engines in the sample pool are sampled equally, which is unre-
alistic. The distribution of individual LTOs is likely dominated by professional activity at the 
airport (e.g., planes owned by �ight schools). Nor will this MC simulation analysis account for 
potential ambient temperature or summer/winter fuel blend effects. The advantage of using this 
simulation approach is that it should empirically arrive at a distribution of emissions burdens 
indicative of the uncertainty in the source data. At this hypothetical airport, the large number 
of operations over the course of a year will tend to narrow the uncertainty in overall burden, 
approaching the mean value over the course of the year. For this reason, the weekly emissions 
were tabulated to retain some of the parent variability.

Figures 4-8 through 4-10 show the results for CO, HC and NOx for the baseline EDMS and 
combined data scenarios.

The central values of these MC results can be compared to the results of the EDMS/AEDT 
analysis presented earlier. The same trend in CO emissions was observed in the AEDT-based 
sensitivity analysis, where total annual CO emissions burdens decreased slightly.

The comparison of the HC emissions trend observed in this analysis was also observed in the 
AEDT-based sensitivity analysis. There, the factor increase was about 3-3.3 depending on the 
particular class of hydrocarbons, which agrees with this alternative approach.

The NOx comparison is not as good as either the CO or HC results. In that analysis, the base-
line EDMS result of 2 short tons per year (st yr�1 ) increased 50% to 3 st yr�1 . The MC analysis sees 
a much greater increase of 277%, when including all of the engine data. The underlying reasons 
for this disagreement are unclear.

Figure 4-11 shows the individual contributions of different power states to the total burdens 
for the updated scenario. These graphs re�ect the trends discussed in Chapter 3: low power states 
like taxi and idle contribute most to HC emissions; high-power states like take-off and climb-out 

Figure 4-8.    CO emissions burden change 
between the two scenarios.
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Figure 4-9.    HC emissions burden change between the 
two scenarios.

contribute most to NOx emissions. The pie chart for CO emissions looks similar to the pie chart 
for fuel burn, again re�ecting the observation that CO emissions are relatively constant at all 
powers.

Although the trends in results are expected to be similar to the EDMS/AEDT approach, the 
MC method should yield signi�cantly different results for the uncertainties. Figure 4-12 com-
pares the emissions burdens for the two approaches. The EDMS/AEDT approach uses simple 
95% con�dence limits. These limits are many times larger than the converged MC uncertainties. 

Figure 4-10.    NO x emissions burden change between 
the two scenarios.
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Figure 4-11.    Partitioning of emissions burden 
by power state.

Figure 4-12.    Comparison between EDMS/AEDT and Monte-
Carlo estimates of a hypothetical airport’s emissions. Quantities 
of pollutant are reported in mega grams per year (Mg/yr).

Indeed, one of the reasons why the MC results have such small con�dence limits is due to the 
large number of operations at the hypothetical airport. Even when running a mere week’s worth 
of operations, the variability in the EIs for the datasets is statistically collapsed.

This signi�cant shrinking of the con�dence limits is very promising. It means that, despite a 
large variability in emission indices, it is possible to constrain an airport’s emissions tightly over 
time. There are important caveats to this method, however—the test pool of emission indices 
must be representative of the airport’s �eet. The more measurements available, the more cer-
tain that the MC method is converging to a real answer. In this case, even the large number of 
measurements done (e.g., 15 separate Lycoming O-320 engines) is not very big compared to the 
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