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Executive Summary

This report describes the development of a database of aircraft fuel
burned and emissions from scheduled air traffic for each month of 1992. In
addition, the earlier results (NASA CR-4592) for May 1990 scheduled air traffic
have been updated using improved algorithms. These emissions inventories
were developed under the NASA High Speed Research Systems Studies
(HSRSS) contract NAS1-19360, Task Assignment §3. They will be available
for use by atmospheric scientists conducting the Atmospheric Effects of Aviation
Project (AEAP) modeling studies.

A detailed database of fuel burned and emissions [NOx, carbon
monoxide(CO), and hydrocarbons (HC)] for scheduled air traffic has been
calculated for each month of 1992. In addition, the emissions for May 1990
have been recalculated using the same methodology. The data are on a 1°
latitude x 1° longitude x 1 km altitude grid. The datafiles were delivered to
NASA Langley Research Center electronically.

Global fuel use for 1992 by scheduled air traffic was calculated to be 9.5
x 1010 kilograms/year. Global NOx emissions by scheduled air traffic in 1992
were calculated to be 1.2 x 10° kilograms(as NO2)/year. The calculated
emissions show a clear seasonal variation, peaking in the summer with a
minimum in the winter. The North Atlantic region showed the most marked
seasonal variation with a peak of about 18% above the annual average. In
North America and Europe the amplitude of the seasonal variation was about
6% above the annual average, considering all altitudes. Emissions for May
1992 were close to the average for the year, confirming that using May as an
*average" month (as was done in the earlier work) is reasonable.

This report describes the assumptions and methodology for the
calculations and summarizes the results of those calculations. Results of
parametric studies are presented in order to evaluate the possible errors
introduced by making simplifying approximations necessary to calculate a
global inventory.

The methods used to extract departures from the Official Airline Guide
have been improved from those reported earlier (NASA CR-4592) to eliminate
flight duplications. In addition, the emission calculations have been upgraded
to use Boeing fuel flow method 2, which corrects for ambient temperature,
pressure, humidity, and aircraft speed.

Using the revised methodology, the fuel predicted for May 1990
scheduled air traffic decreased by 3.5% compared to the value reported in
NASA CR-4592. This appears to be due primarily to the elimination of duplicate
flights from the OAG data. In the revised database, global NOx emissions were
calculated to be about 1% lower than reported previously. The global average
EI(NOx) increased by about 2% compared to that calculated earlier.
Hydrocarbon emissions for May 1990 were calculated to be about 50% greater



than the values reported earlier in NASA CR-4592, because of the inciusion of
many more older aircraft/engine combinations in this work and the use of a
newly published engine emission database.

A series of parametric studies were conducted to evaluate the effects of
wind, temperature, payload, tankering, and cargo on the calculated fuel use.
Altitude effects, due to whether a flight is an East bound or West bound flight,
have approximately a 0.1% effect on fuel burn and are negligible. Wind and
temperature have a combined effect of 1.4 - 2.3% on round trip fuel burn
(annual average) for East-West flights and about 1% for North-South flights,
based on analyses for a Boeing 747-400. The effect is largest in the North
Pacific. Since the airlines will try to fly routes which take advantage of the wind
(rather than great circle routes), this may overestimate the effects of winds in the
real world. Typically, an airline, given its choice of flight corridors, would try to
maximize its tail wind and minimize the head wind on the return flight.

The parametric studies show that increasing the payload from 70 to 75%
can increase the fuel burn by 2.5% for a 737 flying between San Francisco and
Los Angeles. Similarly, the use of tankering fuel on the same flight could
increase the average fuel burn on the route by up to 4%. For a 747-400 on a
longer route, increasing the load factor from 70 to 75% increased the fuel
consumption by 0.8%. The 747-400 can carry a significant amount of cargo,
and, if the aircraft was loaded to its maximum weight limit, it would use 13%
more fuel. More reasonably, if the cargo was volume limited, the fuel burn
would increase by 7.7%. The effect of both fuel tankering and cargo loads on
the global inventory has not been evaluated. Fuel tankering will primarily be an
issue for small aircraft, while cargo load will be important for large aircraft,
particularly the 747 and the DC-10.

None of the parametric studies have yet looked at combined fuel
burn/emissions effects. Increased fuel burn will have an obvious effect on total
emissions but will change the emission indices if the increased fuel use is due
to higher fuel burn rates. These combined effects should be examined to see if
they would cause a significant change in the database as calculated.

Based on available fuel data from the US Department of Energy, it
appears that an earlier NASA study (NASA RP-1313) underestimated the jet
fuel used by aircraft within the former Soviet Union. The reason for this has not
been identified although it appears that the number of flights may have been
underestimated. The difference between the calculated fuel use in the former
Soviet Union and the apparent jet fuel use reported by DOE is 4.8% of the
global jet fuel production.
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1. Introduction

The NASA Atmospheric Effects of Aviation Project (AEAP) has been
initiated to evaluate the effects of aircraft emissions on the atmosphere. For this
assessment, inventories of aircraft emissions as a function of altitude and
geographical position are required. These inventories are used as the input to
chemical transport models to evaluate the effect of aircraft emissions: how
long they persist in the atmosphere, how much they perturb the chemistry or
microphysics of the upper troposphere, and how they compare with other
sources of NOx, water, soot, and condensation nuclei in the upper troposphere.

Three-dimensional inventories of aircraft emissions for May 1990 were
previously developed as part of the NASA program, and projections were made
to the year 2015 for both subsonic and high speed civil transport fleets
(Wuebbles, et. al.,, 1993; Baughcum, et. al., 1994, Landau, et. al.,, 1994;
Baughcum and Henderson, 1995). The NASA-funded work has used a
"bottoms-up" approach in which aircraft schedules are obtained or estimated
and the aircraft/engine combinations identified. Then, detailed calculations of
fuel burned and emissions are made along each flight path. Other studies have
used a mixture of a "bottoms-up*® approach to account for scheduled air traffic
and a "top-down" approach to account for military and non-scheduled traffic
(Mcinnes and Walker, 1992; Schumann, 1995).

Since seasonal variations in air traffic departures are significant for some
geographical regions, the previous work has been extended to explicitly
calculate the aircraft emissions as a function of each month of 1992. In this
report, we present the results and methodology used for the calculation of
emissions from scheduled air traffic, including turboprops, passenger jets, and
jet cargo aircraft. These inventories are calculated using the Official Airline
Guide (OAG) as the source of scheduled flight data. In a parallel study,
McDonnell Douglas Aerospace has calculated emission inventories for military
aircraft, charter airlines, and flights in the former Soviet Union and China that
were not listed in the OAG (Metwally, 1995). In a separate study, aircraft
emission inventories for scheduled air traffic for selected months of 1976 and
1984 have been calculated (Baughcum, et. al., 1996).

To calculate these inventories, flight schedule data (number of
departures for each city pair along with airplane and engine type) have been
combined with performance and emissions data to calculate the fuel bumed,
emissions, and altitude along each route. Fuel burned, oxides of nitrogen
(NOx), carbon monoxide (CO), and total hydrocarbons (HC) have been
calculated on a 1° longitude x 1° latitude x 1 kilometer altitude grid. The results
for all the different routes and airplane/engine combinations were summed to
produce the total inventory. The details of this process are described in Section
2 of this report.

The results and the seasonal variability of the emissions were analyzed,
and the results are discussed in Section 3 of this report. During the



development of the 1992 emission inventory, several improvements in the
Boeing methodology were made and are discussed in Section 2. For self
consistency, the previously published emission inventory for May 1990 was
recalculated. An analysis is presented in Section 3.4 of the differences
between this updated calculation and that reported earlier (Baughcum, et. al.,
1994).

To calculate global aircraft emission inventories, it is necessary to make
some simplifying approximations about how each route will be flown. In these
emission inventory calculations, we have assumed that the airplane will be
flown according to design (flight manual performance) and that the effects of
any prevailing winds enroute would be canceled by having flights in both
directions. All flights were assumed to follow great circle paths between
airports, and no account was taken of circuitous routing at takeoff or landing
approach. In Section 4, the results of parametric studies are presented which
have attempted to quantify the effects of some of these simplifying assumptions.

Iin Section 5, available jet fuel data for 1990 is summarized and
discussed briefly. Such data is useful for comparison with jet fuel use
calculated in the earlier NASA-funded emission inventory work. (Wuebbles, et.
al., 1993; Baughcum, et. al, 1994; Landau, et. al., 1994). The conclusions of
the study are summarized in Section 6.

The work described in this report was conducted under NASA Langley
Contract NAS1-19360, Task 563. The NASA Langley Task Manager was
Donald L. Maiden.

The program managers for the work described in this task were John D.
Vachal and Phillip F. Sweetland. The principal investigator was Steven L.
Baughcum. Wes Banning and Stephen C. Henderson extracted and validated
aircraft departure data from the Official Airline Guide. Terrance G. Tritz collected
the data set and calculated the 3-dimensional aircraft emission inventories
using the Boeing proprietary Global Aircraft Emissions Code (GAEC). David C.
Pickett performed the performance and parametric studies described in Section
4 . Oren J. Hadaller and Albert M. Momenthy provided information on available
jet fuel data. The GAEC code used to calculate the aircraft emission inventories
was written by Peter S. Hertel. The analysis of the results was completed by
Steven L. Baughcum.



2. Database Development Methodology

The calculation of the emission inventories has been described
previously (Baughcum, et. al., 1994) and will be briefly summarized here. The
overall process is shown schematically in Figure 2-1.

Global Emissions Database Calculation Schematic

OAG Schedule Airline Fleet
Database Database
I |
V
Preliminary
Schedule
Database
Airplane/Engine
Substitution
Final Schedule
Database
{7 Airplane Mission
Performance Files

Global Atmospheric
Emissions Code

_\17 Airport Coordinate
Database

Global Emissions
Database

Engine Emissions
Files

Figure 2-1. Schematic of emission inventory calculation.

2.1 Database Acquisition and Description

The database used in calculating monthly emissions from scheduled jet
aircraft was that prepared by Official Airline Guide (OAG) (Oakbrook, IL), a



subsidiary of the Reed Travel Group. The database contains listings of every
scheduled jet and turboprop flight listed by city-pair and airline, and includes
departure and arrival times, airplane code, and trip frequency. This database is
published monthly and can be obtained in printed form or on magnetic tape.

The coverage of the OAG database depends on schedule data submitted
by the individual airlines, and is based on the airlines' forecast of their
operations for the next month. While it is quite accurate overall, changes in
airline planned operations during any month or operations not reported by the
airline as part of their schedule are not included. The OAG offers some
coverage of flights within the former Soviet Union or the Peoples Republic of
China, and fairly complete coverage of flights between these regions and the
rest of the world. The extent of the coverage of internal flights within the former
Soviet Union and China has been rapidly increasing with time.

Boeing normally purchases tapes containing the schedule data for five
months of any year: February, May, August, September and November. These
tapes are then processed and the data considerably "enriched" to create
standard databases that are used in a variety of airline and airplane studies
within Boeing. To obtain a complete set of all months of 1992, Boeing was
required to purchase the data tapes from OAG to complete the missing months.
Unfortunately, by the time the task was assigned, OAG had purged the January,
1992 data from their archives (they keep only two years of data). January 1992
schedule data was therefore purchased from another database vendor, BACK
Information Services (Stamford, CT).

For data generated in any given year, an airport listing is needed for that
year. These listings consist of a match of the three-letter OAG airport code with
the city and coordinates (latitude, longitude, and altitude) of the airport. Airport
listings were generated from data at Boeing for 1990 and 1992. Separate
listings are needed for each year due to the addition and subtraction of airports
around the world and to changes in the three-letter airport codes used in the
OAG. The three-letter codes for airports are re-used by the OAG in later years,
which is the main reason for using the appropriate year's airport listing. This is
of particular concern when historical databases, such as those for 1976 and
1984, are generated. Thus, for each year for which aircraft emission inventories
are to be calculated, data files of the correct OAG airport codes for that year
must be located and used.

2.2 Data Extract Challienges

The OAG database is designed for the purpose of flight itinerary planning
by airline passengers and travel agents. As a result, certain duplicate listings of
the same actual flight segment may occur in the schedule data. These
duplications are not noted in the database, and logic must be built into the
extract code to eliminate these duplications as much as possible. Much of the
time on this task was spent in the process of discovering and eliminating these



duplications. The processing of OAG data normally done within Boeing was
inadequate for the purposes of this work.

The flight duplications which had to be eliminated fell into three main
categories, which we termed "Codeshare Duplication®, "Starburst Duplication®
and "Effectivity Duplication”.

*Codeshare Duplication®

This form of schedule duplication occurs when airlines which are
involved in cooperative flight sharing arrangements (codesharing) will both list
the same flight segment under their own airline code and flight number. The
same flight from Detroit to Amsterdam (for instance) may be listed under both
Northwest Airlines and KLM, which have many codesharing agreements. The
duplications are removed by checking for flights that are listed under two
different airlines, but with the same airport-pair, time of day departure and
arrival, same day and same equipment. (See Figure 2-2)

ABC Airlines

Flight 120

Detroit - Amsterdam

(Daily Service) DIW [E AMS
The same flight segment
(Detroit - Amsterdam)
is listed separately under different flight
numbers for both code-sharing airlines

Flight 202

o et fpmmmmmmmmemmeem
(Daily Service) DIW AMS

Figure 2-2. "Codeshare" flight duplication.



*Starburst Duplication®

This form of duplication arises from the practice of airlines listing under
separate flight numbers one-stop or multi-stop itineraries which contain the
same flight segment. As a simple example of this practice, an airline listing a
one-stop flight from Cleveland to London through New York and another one-
stop flight from Washington to London through New York will combine the
passengers from both flight numbers on the same New York - London flight
segment. The published schedule, however, would lead one to believe that
there are two separate flights from New York to London. This duplication is
removed by checking flight itineraries for segments listed under the same
airline, airport-pair, time of day departure and arrival, same day and equipment.
(See Figure 2-3)

QE ABC Airfines
_______________ O Flight 21
Cleveland - London (1-stop)
JFK Z% LHR (Daily Service)
New York - London
segment of both flight itineraries
carried on the same
actual flight segment
‘& ABC Airlines
_______________ ) e
‘Washington - London (1-stop)
JFK LHR (Daily Service)

Figure 2-3. "Starburst" flight duplication.



“Effectivity Duplication®

Although the OAG schedule data is supplied as representing the airline
schedules for a certain month, data within the schedules show the dates at
which flights cease operation or begin operation within the month. The flight
data itself shows which days of the week the flight operates. If every flight that
operates in a given week is counted, then the same flight segment may be
counted twice as airlines change schedules (and flight numbers) within the
week to account for holidays, daylight time, change of airplane type, etc. This
duplication can be removed by choosing a single date for flight effectivity, rather
than a whole week. All flights effective on the 18th day of the month are
included in the analyses presented here. (See Figure 2-4)

ABC Airlines

Flight 10 Q_ _______________ .Q
Chicago - Los Angeles

(Daily Service) ORD ZF LAX

The same flight segment may be listed twice

in the same week if flight numbers

are changed due to minor schedule changes

made to accomodate holiday periods, daylight time, etc.

Flight 11
. -[MAnseB -----

(Daily Service) ORD 1AX
Figure 2-4. "Effectivity" flight duplication.

Once the logic required to remove these duplicate flights was in place
and tested, a complete set of schedules was extracted for each month of 1992.
The flight schedule data for January 1992 were purchased from BACK
Information Services, since OAG had purged that month from their datafiles.
The data from BACK had been processed using their own proprietary
algorithms. As a result, the January 1992 data shows consistently low values of
departures, total flight distances, fuel and emissions compared to the rest of the
months of 1992, which were calculated using "raw" data from OAG and
processed using Boeing-developed algorithms. Also, the number of aircraft
types used by BACK in the January data set is significantly lower (173
compared to 228-235 for the other months) than for the other months of
schedule data.



2.3 Creation of Emissions Database:
2.3.1. Schedule Data Translation

The monthly airline schedules extracted from the OAG database do not
contain enough information to allow calculation of emissions for a given flight.
The schedule data emerges looking like the following example:

Airli Airp] Origi Destination Weekly Freq.
JL 747PAX LAX TYO 14

Since there is no airplane called a "747PAX", and since engine type is
not listed, a fleet information database is used to add more information to the
data. Appendix A summarizes such a database for Boeing 747's owned by
Japan Airlines (JL). The fleet database reveals that the JL "747PAX" is most
likely a 747-200B with Pratt & Whitney JT9D-7A engines. It is "most likely"
because although JL has 747-100's, -200's, -300's and -400's in their fleet, the
"747PAX" designator is usually reserved for 747-100 and -200 models. JL has
more 747-200's than -100's, and has more JT9D-7A powered -200's than other
engine types, so we make the simplifying assumption that the schedule data
can be revised to appear as follows:

Airli Airpl Engj Origi Destination Weekly F
JL 747-200B  JT9D-7A LAX TYO 14

This translation of the schedule data now allows emissions calculations for the
flight.

2.3.2. Airplane/Engine Performance Data Substitution

Another type of data translation necessary to create an emissions
database is the substitution of one type of aircraft/engine combination for
another. While Boeing has performance information needed to calculate fuel
burned and emissions for a large number of turbojet-powered airplane types,
including all Boeing models and many non-Boeing models, we do not have
such information for all airplane types in airline service. As an example, a flight
listed as:

IT MRC-100 PAR LYS 21

can be transiated into:

IT Mercure JT8D-9 PAR LYS 21

Boeing does not have enough information on the Dassault Mercure to
calculate fuel burned or emissions on this flight. The Mercure is a twin-engined



aircraft of similar size to the 737-200, and is powered by the same engines as
some of the 737-200 models. The data for this flight can therefore be revised to:

Airline Airplane  Engine Qrigin Destination Weekly Freq.
IT 737-200  JT8D-9 PAR LYS 21

In addition to the data changes made substituting one turbojet-powered
airplane for another, all of the myriad turboprop models were grouped into three
categories, small, medium and large. The "small" category includes airplanes
such as the DeHaviland Twin Otter, the "medium" category includes airplanes
such as the DeHaviland Dash-8, the "large”" category includes airplanes such
as the Fokker F-27 and F-50.

Appendix B contains a listing of all the airplane types obtained from the
schedule data translation and the airplanes actually used in the emissions
calculations, showing the matchup. For 1992, the number of different airplane
types listed in the OAG data files was between 228-235, varying between
months. For the January data file purchased from a database vendor, the data
had been partially processed and 173 airplane types were identified. These
data files were then matched to 76 aircraft/engine combinations for which
detailed performance and emissions data were available.

A file was created for each of the months of 1992 containing all the flight
segments operated by each airplane type (as substituted if required), on a
departures per week basis. This final schedule database formed part of the
data input required for the emissions inventory calculations.

The aircraft and engines used in the performance calculations are shown
in Table 2-1.



Table 2-1. List of aircraft and engines used in the performance and emissions

calculations for the 1992 emission inventory calculations.

Airplane Engine Airplane Engine
707-320B-C JT3D-3B 767-300ER CF6-80C2B6F
720 JT3C-7 A300-600R CF6-80C2
727-100 JT8D-7 A300-621R-ER JT9D-7R4H1
727-100 JT8D-9 A300-622R-ER PW4056
727-200 JT8D-15-15A A300-B2-B4 CF6-50C2
727-200 JT18D-9 A310-300 CF6-80A3
737-100 JT8D-9 A310-300 CF6-80C2A2
737-200 JT8D-15 A310-300 JT9D-7R4E1
737-200 JT8D-7 A320-200 CFMS6-5-A1
737-200ADV JT8D-15A A320-200 V2525-A5
737-200ADV JT8D-9-9A A330-300 PW4164
737-300 CFM56-3-B1 A340-300 CFM56-5C-2
737-500 CFM56-3-B1-18.5 BAC111-500 MK512-14
747-100 JT9D-3A1 BAE146-300 ALF502R-5
747-100-100SR CF6-45A2 Caravelle-10B JT8D-1
747-100-200 CF6-50E2 Concorde Olympus 593
747-100-200 JT9D-7A DC-10-30 CF6-50C2
747-200 JT9D-7J DC-8-21-31-33 JT4A-9
747-200 JT9D-7R4G2 DC-8-63-63CF JT3D-7
747-200 RB211-524C DC-8-71-71CF CFM56-1B
747-200 RB211-524D4U DC10-10 CFé-6D
747-200B-C-F JT9D-7Q DC10-40 JT9D-20
747-300 CF6-50E2 DC9-30 JT8D-7
747-300 CF6-80C2B1 DC9-31 JT8D-15
747-300 JT9D-7R4G2 DC9-50 JT8D-15
747-300 RB211-524D4UP F-28-4000 MK555-15H
747-400 CF6-80C2-B1F Fokker-100 TAY-650
747-400 PW4056 L-1011-1-100 RB211-22B
747-400 RB211-524G L1011-500AC RB211-524B4
747SP JT9D-7A MD-11 CF6-80C2D1F
747SP RB211-524C2 MD-81 JT8D-209
757-200 PW2037 MD-82 JT8D-217A
757-200 PW2040 MD-83 JT8D-219
757-200 RB211-535C MD-87 JT8D-217C
757-200 RB211-535E4 MD-88 JT8D-217C
767-200 CF6-80A Large Turboprop PW125
767-200 JT9D-7R4D Small Turboprop PT6A
767-300 CF6-80A2 Medium Turboprop PW120
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2.3.3. Airplane Mission Performance Calculation

Airplane performance data files were generated for all the
airplane/engine combinations shown in Table 2-1 and in Appendix B. These
data files provide time, fuel burned and distance flown as a function of aircraft
gross weight and altitude for climbout, climb, and descent conditions. They also
provide tables of fuel mileage (nautical miles per pound of fuel burned) as a
function of gross weight, cruise Mach number and altitude for cruise conditions.
These performance data files were generated using the proprietary Boeing
Mission Analysis Program (BMAP), and each file covered the whole operating
envelope of the airplane. This allowed simple interpolation routines to be used
by the Global Atmospheric Emissions Code (GAEC), a proprietary program
created for these calculation tasks. Aircraft performance calculations were done
assuming 70% load factors.

For purposes of the emissions calculations, the Earth's atmosphere was
divided into a grid of three dimensional cells with dimensions of 1 degree of
latitude by 1 degree of longitude by 1 kilometer in altitude, up to 22 kilometers.

2.3.4. Calculation of Global Emissions

The primary emissions are water vapor (H,0) and carbon dioxide (CO,)
produced by the combustion of jet fuel. The emission levels are determined by
the fuel consumption and the fraction of hydrogen and carbon contained in the
fuel. Results from a Boeing study of jet fuel properties measured from samples
taken from airports around the world yielded an average hydrogen content of
13.8% (Hadaller and Momenthy, 1989). Similarly, emissions of sulfur dioxide
(SO,) from aircraft engines are determined by the levels of sulfur compounds in
the jet fuel. Although jet fuel specifications require sulfur levels below 0.3%,
levels are typically much lower than this. The Boeing measurements obtained
an average sulfur content of 0.042% with 90% of the samples below 0.1%
(Hadaller and Momenthy, 1989). Future sulfur levels are projected to drop to
about 0.02% (Hadaller and Momenthy, 1993).

Current and projected emission indices (in units of grams of emissions
per kilogram of fuel burned) are summarized in Table 2-2, based on the
analyses of Hadaller and Momenthy for commercial Jet A fuel.

Table 2-2. Recommended emission indices (in units of grams
emission/kilogram fuel for 1992).

Emission Emission Index
Carbon Dioxide (CO2) 3155
Water (H20) 1237
Sulfur oxides (as SO2) 0.8
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Nitrogen oxides (NOx), carbon monoxide (CO) and hydrocarbons are
produced within the combustors and vary in quantity according to the combustor
conditions. Nitrogen oxides are produced in the high temperature regions of
the combustor primarily through the oxidation of atmospheric nitrogen. Thus, the
NOyx produced by an aircraft engine is sensitive to the pressure, temperature,
flow rate, and geometry of the combustor. The emissions vary with the power
setting of the engine, being highest at high thrust conditions. By contrast,
carbon monoxide and hydrocarbon emissions are highest at low power settings
where the temperature of the engine is low and combustion is less efficient.

The emissions are characterized in terms of an emission index in units of
grams of emission per kilogram of fuel bumed. Nitrogen oxides consist of both
nitric oxide (NO) and nitrogen dioxide (NO2). For NOy, the emission index
[EI(NOy)] is given as gram equivalent NO, to avoid ambiguity. Akthough
hydrocarbon measurements of aircraft emissions by species have been made
(Spicer et al., 1992), only total hydrocarbon emissions are considered in this
work, with the hydrocarbon emission index [EI(HC)] given as equivalent
methane (CHy).

For the majority of the engines considered in this study, emissions data
from the engine certification measurements were used. (ICAO, 1995) In these
measurements, emissions of nitrogen oxides (NOx), carbon monoxide (CO) and
total hydrocarbons (HC) are measured at standard day sea level conditions at
four power settings [7% (idle), 30% (approach), 85% (climbout) and 100%
(takeoff)]. If the ICAO database did not contain a particular engine, the data for
that engine were obtained from the engine manufacturer. This was done for the
three sizes of turboprops considered. If a source could not be found (e.g., JT3C
and JT4A), engines with a similar core were used with an adjustment for
different fuel flow rates.

Emissions data is available from the certification measurements for a
larger number of engines than we include in the performance calculations. In
the calculations, the OAG airplane/engine combination is matched to both a
performance engine and an emissions engine. (see Appendix B for the
matchup table) Fuel flow is calculated using the perfformance data. Then the
emissions are calculated using a fuel flow technique described below. in most
cases, the emissions engine is the same as that used to calculate the
performance. If the OAG engine was similar to the performance engine, the
emissions engine was matched to the OAG engine. If the OAG engine is
significantly different from the performance engine, the emissions engine was
matched to the performance engine.

Boeing has developed two empirical methods which allow the
calculation of emissions for a wide variety of aircraft and a large number of
missions. These methods are described in detail in Appendix C and in
Appendix D. In both cases, emission indices measured during engine
centification tests are correlated with the fuel flow and then scaled for ambient
temperature, pressure, and humidity.
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All global emissions calculations were done using GAEC (Global
Atmospheric Emissions Code) as described previously. (Baughcum, et. al.,
1994) Modifications have been made to the code since the release of that
report. The two main modifications were to the user interface and to the
emissions calculations portion of the code. The user interface was made more
user friendly and allows a user to match an OAG fleet more automatically,
especially if a similar OAG fleet has been previously generated. This interface
aliows for more rapid processing of multiple months of schedule data.

The second modification allows the use of Boeing Fuel Flow Method #2
in the emissions calculations. The original method used in GAEC was Boeing
Fuel Flow Method #1. Method 1 is an empirical method described in detail in
Appendix C which takes ambient temperature, pressure, and humidity into
account. Method #2 is a more complicated empirical method which takes into
account ambient temperature, pressure, humidity and Mach number. Analyses
have shown that Method 2 is more accurate for higher altitudes and can be
used for non-Standard Day conditions. Method #2 is summarized below and
described in detail in Appendix D. Both methods are available for emissions
calculations in GAEC. All data generated for this report were generated using
Fuel Flow Method #2.

The CAEP Working Group 3 has recommended the adoption of Boeing
Method 2 as a standard method for environmental assessments. [Combined

Report of the Certification and Technology Subgroups, Paper WG3/WP2,
presented by the Chairman of TSG at the third Meeting of ICAO/CAEP Working

Group 3, Bonn Germany, June 1995.]
2.4 Emissions Methodology (Boeing Method 2)

The emissions methodology used is described in detail in Appendix D.
The method is similar to Method 1 (Appendix C). The only difference is in the
correction equations used for the fuel flow and emission indices, which explicitly
take into account ambient temperature, pressure, humidity, and aircraft Mach
number.

The fuel flow correction is :

Wi =Wi /8 amb* © amb 3-8 * exp(0.2 * M2)

The carbon monoxide correction is :
EICO = REICO * ® amb 33/ 8 amb1-02
The hydrocarbon correction is :

EIHC = REIHC * © amb3-3/ 8 amb1-02
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The nitrogen oxide correction is:

EINOx = REINOx exp(-19 * (SH-0.0063) * sqrt (8 amb 102/ © amp 3-3)

where
EICO
EIHC
EINOx
REICO
REIHC
REINOx

©amb
0 amb
Tamb

P amb

SH
W
Wit
M

carbon monoxide (CO) emission index at altitude
hydrocarbon (HC) emission index at altitude

NOx emission index at altitude

referenced CO emission index at sea level conditions
referenced HC emission index at sea level conditions
referenced NOx emission index at sea level conditions

Tamb/518.67R

P amb / 14.696 psia

ambient temperature in degrees Rankine (R)

ambient pressure in pounds per square inch absolute

specific humidity in pounds of water per pound of air at altitude
fuel flow (kg/hr) at altitude

fuel flow at sea level conditions

Mach Number

As was done with Fuel Flow Method #1, all constants were chosen solely
for their ability to collapse the data.

2.5 Changes from previous Boeing inventory calculations

As described above, one of the biggest differences between this analysis
and that described previously is the use of the fuel flow method #2, rather than
method #1, for the calculation of emission indices. There were several other
differences as well. These include the following:

1.) The analysis routine to eliminate multiple counts of flights was made
more stringent. This resulted in dropping some flights that had been
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included in the earlier study for May 1990 but were found to be double
counts.

2.) More aircraft/engine combinations were included in the performance and
emissions aircraft used in this new study. For the calculation of 1992
inventories 76 aircraft/engine combinations are now used for
performance calculations, while 71 are used for the recalculation of May
1990 emissions. By contrast, performance data for 57 aircraft were used
in the earlier study.

3.) The emissions file for the Concorde was refined using the values for
supersonic cruise recommended by the CIAP study (CIAP, 1975) for
NOx, CO, and HC. Our earlier study had only used the NOx
recommendation resulting in EI(CO) and EI(HC) that were much too
large. The earlier study had used the certification measurements for CO
and HC which were done using an afterburner. Since the Concorde
does not cruise supersonically using its afterburner, the analysis has
been revised.

4.) The small number of business jet-sized scheduled flights were
represented as Fokker 28's rather than as turboprops as was done in the
earlier study.

5.) The emission engine database was standardized on the ICAQO database.
Previously, fuel flows were determined from engine data decks for the
four power settings.

To better quantify these changes in methodology from that reported
earlier, the emission inventory for May 1990 scheduled aircraft was recalculated
using the same methodology as that for 1992 for self consistency. The results
are compared in Section 3 with those reported earlier in NASA CR-4592.
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3. Results and Analysis - Scheduled Aircraft Emissions

3.1 Overview of Results

The daily fuel burmed and emissions for each month of 1992 are
summarized in Table 3-1. The fuel burned, emissions, and effective emission
indices as a function of altitude for each month of data are provided as tables in
Appendix E. For each OAG airplane/engine type, Appendices F-K summarize
the fuel burned (Appendix F), NOx (Appendix G), hydrocarbons (Appendix H),
carbon monoxide (Appendix 1), distance flown (Appendix J), and number of
departures (Appendix K).

Table 3-1. Fuel burned and emissions for scheduled air traffic for each month
of 1992.

Month  Fuel (kg/day) NOx (kg/day) HC (kg/day) CO (kg/day)
January 2.35E+08 3.05E+06 4.27E+05 1.18E+06
February 2.49E+08 3.22E+06 5.38E+05 1.33E+06
March 2.51E+08 3.26E+06 5.41E+05 1.34E+06
April 2.54E+08 3.30E+06 5.42E+05 1.35E+06
May 2.59E+08 3.36E+06 5.45E+05 1.37E+06
June 2.68E+08 3.49E+06 5.51E+05 1.40E+06
July 2.74E+08 3.57E+06 5.62E+05 1.43E+06
August 2.74E+08 3.58E+06 5.61E+05 1.43E+06
September 2.66E+08 3.47E+06 5.52E+05 1.40E+06
October 2.60E+08 3.38E+06 5.34E+05 1.37E+06
November 2.61E+08 3.40E+06 5.28E+05 1.38E+06
December 2.59E+08 3.37E+06 5.22E+05 1.36E+06

Total 9.48E+10 1.23E+09 1.95E+08 4.98E+08
kg/year kg/year kg/year kg/year

The geographical distribution of the NOx emissions for April 1992
scheduled air traffic is shown in Figure 3-1. The top panel shows the emissions
as a function of altitude and latitude, while the bottom panel shows them as a
function of latitude and longitude. Peak emissions occur over the United States,
Europe, the North Atlantic flight corridor, and Japan.

The distribution of the emissions as a function of altitude are shown in
Figure 3-2. Peak fuel bumed and NOx emissions occur at cruise altitudes,
while peak CO and hydrocarbons occur during the landing/takeoff cycle.
Approximately 40% of the fuel burned and NOx emissions occur below 10 km
altitude, while approximately 78% of the hydrocarbon and carbon monoxide
emissions are emitted below 10 km.
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Figure 3-1. NOx emissions for scheduled aircraft, April 1992,

as a function of altitude and latitude (summed over longitude, top panel)

and as a function of latitude and longitude (summed over the 0-22 km altitude
band, bottom panel). (Values greater than maximum are plotted as black.)
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The effective emission indices as a function of altitude are shown in
Figure 3-3. The NOx emission index is greatest during climb with a range of
11.5-13.8 at cruise altitudes. (see Appendix E for tables of the emissions as a
function of altitude for each month). By contrast, the effective emission indices
for CO and hydrocarbon are highest during landing/takeoff, dropping
significantly at cruise altitudes.

The plots of emissions as a function of latitude in Figure 3-4 emphasize
that the largest amount of emissions occur at northern mid-latitudes, with the
majority of aircraft emissions occurring between 30° North and 60° North
latitude.

Departure statistics for different aircraft are summarized in Table 3-2,
which shows the total daily distance flown, the daily departures, and the
average route distances for generic classes of aircraft.* A more detailed
summary identifying similar results for each OAG airplane/engine combination
is provided in Appendix N, which also identifies how each of the generic types
in Table 3-2 is defined. Tables of departures and total distance flown for each
airplane type for all months are summarized in Appendices J and K.

As Table 3-2 shows, smaller aircraft account for a large fraction of the
total daily departures and total mileage flown by the scheduled fleet.

* Table 3-2 has been truncated to only show generic types which flew more than 8,000 nautical
miles per day. Appendix N includes the complete summary of all OAG airplane/engine
combinations and all generic groupings.

19



_EIHO)

20 ‘ 20~

] I

15+ 1 15
€ E

£ ! < |

3 10t ] g 10

s 2

< I < I

5t 1 5

O-.l...l,,.l...l.1 0

10 12 14 16 18 20 0 2 4 6 8
Emission Index (grams emissions/kg fuel

Emission Index (grams emissions/kg fuel)

EI(CO)
P20 ) I AL L B
15+ .
- 1
E
£33
g 1o} ;
2
<
5_ 4
O..,..lllL.l....l,...
0 5 10 15 20

Emission Index (grams emissions/kg fuel)

Figure 3-3. Emission indices as a function of altitude for April 1992 scheduled
air traffic. (summed over latitude and longitude). (Note that the emission
indices shown above 14 km altitude are due to the Concorde.)

20



Latitude

Latitude

00 02 04 6 08 1.0 .
90 AN S LA RELENLANLEN BELALARL B a0 T T T T
FUEL
60+ ) K
QD
e,
. 2 i
®
-l
-90Al.l..,l..‘l...l...l.. -90 U R UV S G SN S S S T
O 2 4 6 8 10 12 0.00 0.05 0.10 0.15
Fuel Burned (million kg/day) NOx Emissions (million kg/day)
Cumulative Fraction Cumulative Fraction
0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
10 ) AL L S S (=10} DL S B HA
60 HC 4 60 % CO A
(0]
©
- 2 i
3
60+ . _
OG0 Laiuaey L 990 . o0
0.000 0.010 0.020 0.030 000 002 0.04 006 0.08
HC Emissions (million kg/day) CO Emissions (million kg/day)

Figure 3-4. Fuel burned and emissions (solid line) as a function of latitude
for scheduled April 1992 air traffic. Dashed lines show the cumulative

fraction of emissions.

21



Table 3-2. Summary of departure statistics by aircraft type for April 1992.

% of % of Average Route
Distance Global Daily Global Distance

Generic Type (nmvday) Distance | Departures Departures (nm)
McDonnell Douglas MD-80 2,131,002 8.46% 4,249 7.94% 502
Boeing 737-200 2,114,891 8.39% 5,646 10.55% 375
Boeing 727-200 2,045,949 8.12% 3,501 6.54% 584
Boeing 737-300 1,596,368 6.33% 3,036 5.67% 526
Small Turboprops 1,357,333 5.39% 9,966 18.62% 136
DC-10 1,287,511 5.11% 812 1.52% 1,586
DC-9 1,252,254 4.97% 3,613 6.75% 347
Boeing 747-200 1,239,289 4.92% 545 1.02% 2,274
Boeing 747-100 1,073,923 4.26% 435 0.81% 2,469
Boeing 757-200 1,064,923 4.23% 1,223 2.29% 871
Boeing 767-200 1,048,039 4.16% 819 1.53% 1,280
Large Turboprops 768,648 3.05% 4,649 8.69% 165
Medium Turboprops 748,067 2.97% 4,673 8.73% 160
Boeing 747-400 746,632 2.96% 259 0.48% 2,883
Airbus A300 725,512 2.88% 1,036 1.94% 700
Airbus A320 611,093 2.42% 1,082 2.02% 565
Lockheed 1011 585,020 2.32% 481 0.90% 1,216
Tupolev 154 574,728 2.28% 636 1.19% 904
Airbus A310 469,968 1.86% 424 0.79% 1,108
Boeing 767-300 435,695 1.73% 342 0.64% 1,274
Boeing 727-100 309,411 1.23% 778 1.45% 398
DC-8 296,601 1.18% 303 0.57% 979
Boeing 747-300 276,191 1.10% 119 0.22% 2,321
Boeing 737-400 274,018 1.09% 665 1.24% 412
Fokker 28 255,767 1.01% 952 1.78% 269
Boeing 737-500 223,671 0.89% 641 1.20% 349
BAE-146 216,262 0.86% 744 1.39% 291
McDonnell Douglas MD-11 198,364 0.79% 74 0.14% 2,681
Boeing 707 181,283 0.72% 172 0.32% 1,054
llyushin 62 178,400 0.71% 70 0.13% 2,549
Fokker 100 167,667 0.67% 505 0.94% 332
Boeing 747-SP 138,519 0.55% 54 0.10% 2,565
Airbus A300-600 132,201 0.52% 163 0.30% 811
Tupolev 134 130,207 0.52% 265 0.50% 491
Ilyushin 86 113,764 0.45% 94 0.18% 1,210
BAC111 79,896 0.32% 217 0.41% 368
YAK 42 49,147 0.20% 97 0.18% 507
Boeing 747-SR 27,645 0.11% 54 0.10% 512
llyushin 72 22,458 0.09% 18 0.03% 1,248
Concorde 21,024 0.08% 7 0.01% 3,003
Mercure 8,411 0.03% 30 0.06% 280
Boeing 737-100 8,200 0.03% 20 0.04% 410
Total 25,202,280 53,510
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3.2 Effective Emission Indices

Table 3-3 shows a summary of daily fuel usage for each generic aircraft
in April 1992. It also shows the fraction of total scheduled fuel use by that
aircraft type.

There has been some confusion in the scientific literature and with
various emission inventory calculations with regard to emission indices at flight
altitudes. Most of the available data is from certification measurements at sea
level conditions. (ICAO, 1995). In some cases, these have been used
incorrectly as representative of the emission levels at cruise conditions, without
corrections used for ambient conditions of pressure and temperature.

In order to help reduce the confusion about the average emission indices
for commercial aircraft, Table 3-3 shows the effective emission indices for NOXx,
CO, and hydrocarbons for each generic aircraft type for two altitude bands: 0-9
km (taxi, takeoff, climb, descent, and landing) and 9-13 kilometers (primarily

cruise but some initial climb and initial descent).* A more detailed summary
showing the results for each OAG airplane/combination is included as Appendix
M. In that Appendix, Table M-1 clearly identifies how we define the generic
airplane types. These tables were calculated by summing the individual
inventories calculated for each aircraft type and some variation between similar
types may occur because of the different mission distances, as well as different

engines.

Since these emission indices represent our best estimate of effective
fleet averages (averaged over all missions), they should not be compared
directly with an emission index measured behind an individual aircraft in flight.
For that comparison, the methodology used to calculate these emission
inventories (see Appendix D) can be used if the actual fuel flow, ambient
temperature, ambient pressure, humidity, and Mach number are known. Such
measurements, if accurate and precise, should provide a way to evaluate the
accuracy of the emission methodology used to calculate these inventories.

* Note that Table 3-3 has been truncated to only include aircraft types with more than 100,000
kg/day of fuel use. The complete summary is provided in Appendix M.
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Table 3-3. Summary of fuel burned and effective emission indices for
commercial aircraft types (based on April 1992 scheduled air
traffic).
0-9 km Altitude Band 9-13 km Altitude Band
% of Global
Fuel Fuel Burmed
(1000 by Scheduled | ElI El El El El El
N (HC)
Boeing 747-200 26,359 10.40% 228 228 128 | 142 1.4 0.8
Boeing 747-100 22,519 8.88% 234 222 121 ] 139 04 0.6
Boeing 727-200 21,478 8.47% 116 5.0 0.8 8.7 2.4 0.5
DC-10 19,140 7.55% 210 176 65 | 132 2.0 1.3
MD-80 16,122 6.36% 143 5.3 15 | 106 3.3 1.2
Boeing 737-200 15,563 6.14% 102 6.5 1.4 7.7 2.9 0.6
Boeing 747-400 14,779 5.83% 258 8.9 16 | 139 1.0 0.4
Boeing 767-200 10,084 3.98% 196 6.1 1.3 | 122 26 0.6
Boeing 737-300 9,827 3.88% 122 156 1.3 9.6 2.9 0.2
Airbus A300 9,745 3.84% 206 189 7.0 | 144 1.2 0.9
DC-9 9,035 3.56% 9.5 9.6 2.7 8.1 2.3 0.5
Lockheed 1011 8,843 3.49% 201 192 135 ] 150 1.9 0.7
Boeing 757-200 8,052 3.18% 173 104 09 | 126 2.0 0.2
Boeing 747-300 5,772 2.28% 244 155 96 | 145 1.9 0.5
Tupolev 154 5,610 2.21% 118 47 0.7 8.7 2.2 0.5
Airbus A310 4,682 1.85% 196 6.7 1.4 | 136 2.0 0.5
Boeing 767-300 4,536 1.79% 180 117 3.0 | 134 23 0.6
DC-8 4,397 1.73% 75 435 372 | 5.6 7.0 2.0
Airbus A320 3,653 1.44% 16.1 6.8 05 | 12.1 2.0 0.4
Boeing 727-100 3,107 1.23% 109 7.4 2.2 7.7 3.7 1.1
Small Turboprops 2,975 1.17% 8.1 4.0 0.2
MD-11 2,841 1.12% 196 9.7 15 | 124 16 0.2
Boeing 747-SP 2,573 1.01% 232 306 199 | 144 1.1 0.8
Large Turboprops 2,126 0.84% 13.0 4.3 0.0
Boeing 707 2,101 0.83% 151 39.1 447 | 5.9 8.0 7.9
llyushin 62 1,974 0.78% 146 342 395 | 5.9 5.9 6.0
Medium Turboprops 1,944 0.77% 118 5.1 0.6
Boeing 737-400 1,787 0.70% 122 150 1.1 9.6 3.5 0.2
Fokker 28 1,680 0.66% 105 6.0 0.5 8.5 1.5 0.4
BAE-146 1,548 0.61% 8.8 8.1 0.8 7.7 0.2 0.0
Airbus A300-600 1,539 0.61% 189 109 20 | 13.2 2.0 0.4
Boeing 737-500 1,497 0.59% 114 129 0.8 9.4 3.8 0.2
Ilyushin 86 1,264 0.50% 151 388 447 | 58 8.1 8.0
Fokker 100 1,003 0.40% 95 259 25 64 115 1.6
Tupolev 134 846 0.33% 9.4 9.3 2.9 8.0 2.1 0.5
Boeing 747-SR 673 0.27% 186 193 111 | 140 27 2.7
BAC111 544 0.21% 114 134 23 9.3 2.7 0.6
YAK 42 460 0.18% 108 7.4 2.2 7.6 3.8 1.1
Concorde 404 0.16% 104 279 54 | 100 260 1.8
llyushin 72 248 0.10% 151 38.7 445 | 58 8.0 7.9
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3.3 Seasonal Variability

There is a strong seasonal variation in air traffic departures as airlines
shift schedules and aircraft to accommodate passenger demand. For example,
increased air traffic may mean that airlines will utilize their aircraft more
frequently and that some airplanes will be used more than others. Older, less-
efficient aircraft might be used more in the summer than at other times and
larger aircraft may be used more frequently. Thus, there may be seasonal
variations in emissions which reflect both changes in passenger flow and in the
equipment being used. This study was undertaken to quantify those seasonal
variations.

In the analyses that follow, the fuel bumed and emissions for selected
geographical regions have been analyzed and plotted as a function of month.
For simplification, the annual average for each region has been calculated and
the percent difference from the average calculated and displayed. In addition to
the seasonal variation, growth in air traffic occurred during 1992 so that the data
contains that increase along with the seasonal variation. For purposes of this
analysis, emissions in two altitude bands are considered: 0-19 kilometers (all
emissions) and 9-13 kilometers (the typical cruise altitude range).

Geographical regions have been defined as simple rectangular boxes as
shown in Table 3-4.

Table 3-4. Definitions of geographical regions used in the seasonal analysis.

“Geographical Region Latitude Range Longitude Range
Global 90S-90N 180W-180E
Northern Hemisphere 0-90N 180W-180E
Southern Hemisphere 908-0 180W-180E
Continental United States 25N-49N 125W-70W
Europe 37N-70N 10W-25E
North America 25N-70N 125W-70W
North Atlantic 30N-70N 70W-10W
North Pacific 30N-65N 120E-125W

These geographical regions are illustrated in Figure 3-5. Approximately
92% of the calculated global fuel burned was in the Northern Hemisphere with
only about 8% in the Southern Hemisphere. Approximately 36% of the fuel use
occurred in the region defined as North America with the continental United
States accounting for most of that. (34% of the global total) The calculations
indicate that 13% of the fuel use was over Europe, 8% over the North Atlantic,

and 10% over the North Pacific.”

* These calculations are based on May 1992 as representative of the annual average.
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Longitude

Figure 3-5. Geographical regions used in the seasonal variation analysis.
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Figure 3-6 shows the seasonal variation in total fuel burned (summed
over all altitudes) for 1992 for the world and for the Northem and Southern
hemispheres. The top panel shows the daily fuel use as a function of month.
The bottom panel shows the percent deviation from the annual average fuel use
for each region. The vast majority of air traffic in 1992 was in the Northern
hemisphere with the summer peak in fuel use about 6% higher than the annual
average. By contrast, the fuel use in the Southem hemisphere shows relatively
little seasonal variation.

The January data seems somewhat anomalous, perhaps because the
original data was acquired from a different vendor and had been processed
differently as discussed in Section 2.2. The daily departures by airplane type
are summarized in Appendix K. Inspection of that table shows that a number of
airplane types are not represented in the January database but are present in
other months. The total number of departures in January is not very different
from February, suggesting that much of the difference in January may be due to
the smaller set of aircraft types considered in the January analysis rather than
missing flights. Since the equipment matchup for January is not completely
consistent with that of the other months, small differences in aircraft
performance and emission characteristics may be one factor in the anomalous
behavior. This is seen most clearly by checking the globally average emission
indices. Emission indices can change significantly depending on the
technology involved (see Section 3.2 and Appendix M for more discussion of
this). The global average EI(HC) for January was 1.94 while for the other
months it ranged from 2.34 to 2.49 (see Appendix E for details). The global
average EI(CO) for January was 5.10 and ranged from 5.33 to 5.49 for the other
months. Since the hydrocarbon and CO emissions are particularly sensitive to
the type of equipment (older technology engines have higher CO and HC), this
result suggests that the January data has a bias towards newer technology.
From this, we conclude that part of the anomalous behavior of the January data
is due to a smaller subset of airplane/engine combinations assigned in the
schedule data.

Figure 3-7 shows the variation in fuel use for the four major geographical
regions defined in Table 3-3. As the top panel shows, the fuel use in North
America is the greatest, followed in order by Europe, the North Pacific and the
North Atlantic. As the bottom panel shows, all four geographical regions show a
strong seasonal variation with peak fuel use in the months of June-August. The
strongest seasonal variation is shown in the North Atlantic (peak of 18% above
the annual average) followed by the North Pacific (peak of 9%). The peak
variation in North America was 5.5% and in Europe it was 6.2%.
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Figure 3-6. Fuel bumed in the 0-19 km altitude band for scheduled air
traffic for global (solid line), Northern hemisphere (dashed line), and
Southern hemisphere (dotted line) for each month of 1992.
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Figure 3-7. Fuel burned in the 0-19 km altitude band for scheduled air
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of 1992.
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Much of the concem about the effects of aircraft emissions is related to
possible aircraft-induced perturbations in the upper troposphere. As Figure 3-8
shows, the variation in fuel in the 9-13 kilometer altitude band is similar to that
shown when all altitudes (0-19 km) were considered. Peak variations of 18%
occur in the North Atlantic with peaks of 9% in the North Pacific. These, of
course, match the result considering all altitudes since there are few landings or
takeoffs in either the North Pacific or North Atlantic. Over North America and
Europe the peak fuel use at cruise altitudes occurs in the summer with peaks of
6.5% and 9.3 %, respectively.

Both water vapor and carbon dioxide emission indices are functions of
the hydrogen and carbon content, respectively, of the jet fuel. For typical jet
fuel,

El(H20) = 1237 grams H20/kg fuel bumed
El (CO2)= 3155 grams CO2/kg fuel bumned

Thus, the seasonal variation in water and carbon dioxide emissions from the
commercial fleet will be the same as that shown above for the fuel usage.

The variation in NOx emissions globally and in the two hemispheres
follows that of the fuel use (see Figure 3-9). Peak NOx emissions occur in the
summer with peak amplitudes about 6% higher than the annual average. The
NOXx emissions in the 0-19 km altitude band for the four key regions are shown
in Figure 3-10. The seasonal pattern is very similar to that found for fuel usage,
as expected. In the 9-13 kilometer altitude band (see Figure 3-11), the peak
NOXx emission occur during summer.

The seasonal variation of the CO and hydrocarbon emissions are very
similar to those for fuel burned and NOx but are shown here for completeness.
(see Figures 3-12- 3-15) The peak variations from the annual average are
summarized in Table 3-5 (considering all altitudes) and in Table 3-6 (cruise
altitudes).

Table 3-5. Peak increases from the annual average for fuel burned and
emissions for selected geographical regions and in the 0-19
kilometer altitude band.

“Geographical Region Fuel NOx HC CO
Global 5.8% 6.1% 5.4% 4.9%
Northern Hemisphere 6.4% 6.6% 5.8% 5.3%
Southern Hemisphere 4.1% 4.8% 6.4% 3.8%
North America 5.5% 5.8% 6.4% 5.4%
Europe 6.2% 6.7% 7.3% 6.4%
North Atlantic 17.8% 18.1% 15.0% 17.1%
North Pacific 8.6% 8.3% 7.1% 7.3%
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Table 3-6. Peak increases from the annual average for fuel burned and
emissions for selected geographical regions and in the 9-13
kilometer altitude band.

Geographical Region Fuel NOXx HC — CO

Global 7.1% 7.4% 6.0% 6.4%
Northern Hemisphere 7.7% 8.0% 6.7% 7.0%
Southern Hemisphere 4.1% 4.6% 7.3% 3.6%
North America 6.5% 6.7% 7.2% 6.6%
Europe 9.3% 10.0% 9.0% 8.3%
North Atlantic 17.9% 18.3% 15.3% 17.7%
North Pacific 9.4% 9.2% 8.8% 9.2%
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Figure 3-8. Fuel burned in the 9-13 km altitude band for scheduled air
traffic for North America (solid line), Europe (dashed line), the North
Atlantic (dotted line), and the North Pacific (dash-dot line) for each month
of 1992.
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Figure 3-9. NOx emitted in the 0-19 km aftitude band for scheduled air
traffic for global (solid line), Northern hemisphere (dashed line), and
Southern hemisphere (dotted line) for each month of 1992.
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Figure 3-10. NOx emitted in the 0-19 km altitude band for scheduled air
traffic for North America (solid line), Europe (dashed line), the North
Atlantic (dotted line), and the North Pacific (dash-dot line) for each month
of 1992.
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Figure 3-11. NOx emitted in the 9-13 km altitude band for scheduled air
traffic for North America (solid line), Europe (dashed line), the North
Atlantic (dotted line), and the North Pacific (dash-dot line) for each month
of 1992.
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Figure 3-12. Hydrocarbons emitted in the 9-13 km altitude band for scheduled air
traffic for North America (solid line), Europe (dashed line), the North

Atlantic (dotted line), and the North Pacific (dash-dot line) for each month

of 1992.
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Figure 3-13. Hydrocarbons emitted in the 9-13 km altitude band for scheduled air
traffic for North America (solid line), Europe (dashed line), the North

Atlantic (dotted line), and the North Pacific (dash-dot line) for each month

of 1992.
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Figure 3-14. Carbon monoxide emitted in the 0-19 km altitude band for scheduled air

traffic for North America (solid line), Europe (dashed line), the North
Atlantic (dotted line), and the North Pacific (dash-dot line) for each month
of 1992,
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Figure 3-15. Carbon monoxide emitted in the 9-13 km altitude band for scheduled air
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3.4 Revised May 1990 Results

As was described earlier, the emission inventory for May 1990 scheduled
air traffic was recalculated using the identical aigorithms that have been used
for the calculation of the 1992, 1976, and 1984 emission inventories so that all
could be combined in a self-consistent trend analysis. Table 3-7 shows the
results calculated for May 1990 using both Boeing method 1 and 2 emission
methodologies. For comparison, the results calculated in the earlier study are
also shown. Eliminating the double counts from the OAG file and adding
additional aircraft performance files resulted in revised calculations with 3.5%
less fuel than reported earlier. The effective global averaged emission indices
are summarized in Table 3-8. The revised calculations also show significant
increases in the calculated hydrocarbon emissions. We believe that this is due
to the inclusion of more older aircraft/engine combinations in the performance
analysis. The older engines were less efficient and had higher hydrocarbon
emissions than do more modern engines. The engine emissions data set was
also changed as discussed in Section 2.5.

Table 3-7. Comparison of revised May 1990 fuel burned and emissions with
those previously published.

Fuel "NOXx HC CcO
(kg/day) (kg/day) (kg/day) (kg/day)

May 1990 (Baughcum, 2.54E+08 3.18E+06 3.77E+05 1.44E+06

et. al., 1994)
May 1990 (revised, 2.45E+08 2.83E+06 6.29E+05 1.58E+06
Method 1)
May 1990 (revised, 2.45E+08 3.14E+406 5.70E+05 1.36E+06
Method 2)

Table 3-8. Comparison of global emission indices calculated for May 1990
using Boeing Method 1 and Method 2 fuel flow correlation

methods. . -
EI(NOx) EI(HC) EI(CO)
May 1990 (Baughcum, et. al., 1994) 12.5 1.5 5.7
May 1990 (revised, Method 1) 11.6 2.6 6.4
May 1990 (revised, Method 2) 12.8 2.3 5.5
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In the results reported in CR-4592, approximately 31% of the flight miles
were flown by the more modem generation 2 engines. Our definition of
generation 2 engines is shown in Table 3-9; all other engines were considered
generation 1. In this new study, only 21 % of the miles were flown by
generation 2 engines. This supports the conclusion stated above that the
biggest change was caused by the inclusion of more older aircraft in the
performance and emission analyses. It also highlights the importance of using
a large detailed database of aircraft performance datafiles. The emission
results appear to be sensitive to the assumptions made about older aircraft,
even when a rather large database had been used initially.

Table 3-9. Generation 2 Engines

CF6-80A PW2000
CF6-80C PW4000
CFM56-2 RB211-535C
CFM56-3-B1 RB211-535E4
CFM56-3B-2 RB211-524B4
CFM56-3C-1 RB211-524D4
CFM56-3A1 RB211-524G
V2500 RR TAY

The major differences in the revised May 1990 calculations and those
reported in CR-4592 are shown in Figures 3-16 and 3-17. As shown in Figure
3-16, only small changes are calculated in the fuel burned and NOx emissions
altitude profiles. Emissions of hydrocarbons at all altitudes are calculated to be
higher in the revised calculation. Carbon monoxide emissions at cruise
altitudes are calculated to be lower. The fuel bumed and emissions as a
function of altitude for this revised May 1990 dataset are provided in Table E-13
of Appendix E.

As Figure 3-17 shows, the new results predict somewhat higher NOx
emission indices in the 11-13 km altitude range. NOx emission indices below
10 km did not change much. In contrast, the hydrocarbon emission indices
calculated in this study are a good bit higher than those considered earlier. As
discussed above many of these changes are due to the inclusion of older
aircraft/engine combinations in the emission calculations as well as the use of
the improved emissions methodology.

The differences above 14 kilometer altitudes are due to the treatment of
the Concorde emissions, since no other airplane used in this calculation flies
that high. - As was described earlier, our treatment of Concorde hydrocarbon
and carbon monoxide emissions were revised for this study to be consistent
with the altitude chamber measurements made during CIAP (1975).
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Figure 3-16. Fuel burned and emissions as a function of altitude for

May 1990 scheduled air traffic using the Boeing Method 2 fuel flow correlation
method (solid line) for emissions compared with the results reported in CR-4592
(dashed line) (summed over latitude and longitude).
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For a comparison of the effects of switching from the Method 1 fuel flow
methodology for calcula