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Abstract

In the next 25 years, the aviation industry will grow. Jet fuel consumption and associated emissions
will also increase. These aviation-related emissions affect radiative forcing in a variety of ways, and
several studies have made significant advancements in calculating these emissions and their
associated impacts. Unfortunately, these studies have been hindered with difficulties calculating fuel
consumption.

The method presented below is designed to improve the quantitative, spatial and temporal accuracy
associated with aircraft emissions. Using this method, emissions are calculated per second, not per
flight. Actualaircraft transponderdatais used to determine the precise time, position, and altitude of
each emission. This data is then analyzed to determine the actual phase of flight for every second of
each flight considered. Aircraft type-specific performance tablesare then referenced to determinethe
correct fuel flow. Further analysis concerning the emission products associated with known fuel
consumption is then performed in a manner similar to previous studies. The result is a database
containing time, position, altitude, fuel consumed, and selected emission products for every second
of any flight. Finally, to demonstrate the usefulnessof the method, the Flexpart atmospherictransport
model is used to depict the transport of selected emissions emitted during three selected flights.



1. Introduction

Since the advent of motorized flight in 1903, the aviation industry has experienced almost
uninterrupted growth [Lee et al., 2003]. The building blocks for this growth include demand-driven
market dynamics, technological advancements, and regulatory changes [Lee et al., 2003]. During the
Second World War, substantial governmental interest and investment in aviation resulted in major
technological and production improvements. These improvements resulted in a large fleet of long-
range, high-speed bombers capable of carrying large payloads [Gibbs-Smith, 2000]. After 1945 and
the end of hostilities, these wartime advances provided the post-war aviation industry a fleet of
aircraft ideally suited for commercial passenger transport [Gibbs-Smith, 2000]. Since the 1950s,
growth has continued practically unabated, and this trend is expected to continue [Lee et al., 2003].

1.1 Developments in the Aviation Industry

Developmentsin the aviation industry, such as the design of new aircraft, expansion of infrastructure,
or changes in policy, are coupled with long timescales and require integrated effort from aircraft
manufacturers, airport facility management, air traffic control, and passenger airlines [Lee et al.,
2003]. As such, estimating future requirements and calculating future growth is essential. The
historical and projected evolution of the size and distribution among different modes of
transportation is shown in Figure 1. The size of the industry is coupled to global wealth - its
composition is tied to speed [Lee et al., 2003]. As shown in Figure 1, since 1960 the share of the
aviation industry has been steadily increasing and is expected to equalthe automobile share by 2050.
In fact, aviation has already overtaken the automobile as the most common mode for intercity
transport between cities more than 1000 km apart and this distance is expected to continue to
decrease [Schafer, 2000].

PKM = passenger-kilometer

Figure 1. lllustration of the historical development and future predictions for the transportation industry [Lee
et al. 2003]. The size of the circlesindicates the overall size of the industry. The shadings inside each circle depict
the relative size of each transportation mode within the industry.

Daily, more than 12.5 million passengers and $18 billion of goods are transported on more than
128,000 scheduled commercial flights [Overton, 2022]. According to the International Air Transport
Association (IATA), more than 359 billion liters of jet fuel are consumed annually [Overton, 2022] -
approximately 2.4% of all fossil fuel [Lee et al., 2003]. As a result, 2.4% of total carbon dioxide (CO,)
global emissions (more than 920 million tons) comes from commercial aviation [Overton, 2022].
Overall, the aviation industry’s contribution to global warming is currently estimated at 3.5% of all
anthropogenic impacts [Lee et al., 2003].

Although some of these contributions may appear minimal, the consensus is that the industry will
continue to grow. Figure 2 [EESI, 2022], a diagram created prior to the COVID-19 pandemic, uses RPK
to depict the growth experienced in the industry from 1995 until 2015, and provides predictions for
growth between 2015 and 2035, and between 2015 and 2045. The Cumulative Annual Growth Rate
(CAGR) during these timeframes is also shown.
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Figure 2. Historical and Projected Trends in the Aviation Sector.
Although the forecast varies according to the source and the metric used, global air travelis expected

to grow between 4% and 6% annually overthe nexttwo decades [Brasseur et al., 1998; Settler etal.,
2011; Overton, 2022]. The amount of fuelconsumed s projected toincrease 1 - 2% less than the rate
of industry growth [Lee et al., 2003]. The reason for this difference is that trends in technological
advancements and operationalimprovements are expected to continue [Lee et al., 2003]. Specifically,
jetengines are expected to become more fuel efficient, passengerload factors (PLF) - a metric showing
the percentage of passengers onboard versus the seating capacity — are expected to increase, and
improvements in operational procedures are expected to result in less time taxiing, and more direct
routing at optimum altitudes [Lee et al., 2003]. Even though these operational and technical
improvements willimprove efficiency, jet fuel consumption will increase during the next 25 years.

1.2 Jet Fuel Combustion

Discussing jet fuelis challenging because there is more than one type — the term simply refersto a
mixture of hydrocarbons that satisfy an international standard [Shell2008]. Jetfuelis either based on
unleaded kerosene or a naphtha-kerosene blend [CDC, 2000; Shell, 2008]. Because the exact
composition varies widely based on the petroleum source, it cannot be defined as a ratio of specific
hydrocarbons and therefore does not have an explicit chemical formula [CDC, 2000]. Additionally,
additives are used extensively to enhance desired fuel qualities. These additives modify the chemical
structure of the fuel and affect its combustion by-products.

Jet-Alis the industry standard for commercial aviation and is the most used jet fuel in the world
[Hemighaus et al., 2006]. In Russia, fuel with improved cold-weather performance is desirable and a
slightly different mixture (TS-1) containing additional additives is almost exclusively used [Shell, 2008].
For many military applications - such as operations onboard an aircraft carrier - a higher flash point
forjetfuel provides an additional safety margin. For such operations - and for operations in extremely
cold environments - the US military designed jet fuels such as JP-4, JP-5, and JP-8 [Lee et al., 2003].

Although multiple types of fuels exist, there are more similarities than differencesbetween competing
types. Most jet aircraft engines operate efficiently using any available jet fuel. No matter which jet
fuelis combusted, the emissionsinclude carbon dioxide (CO,), water (H,0), NO, (NO + NO,), sulphur
dioxide (SO,), carbon monoxide (CO), a range of hydrocarbons (HC), and particulate matter (mostly
soot) [Settler et al., 2011].



1.2.1 Primary Fuel Combustion Products

During the combustion process, jet fuel combines with oxygento produce carbon dioxide and water
vapor. Although jet fuel does not have a specific chemical formula, it may be reasonably represented
using the formula Cy3H,6 [Lee and Kundu, 1993]. The simplified two-step combustion process shown
in Reactions 1a and 1b can then be usedto describe the combustion process [Lee and Kundu, 1993]:

Reaction 1a: 613H26 + 1302 - 13C0 + 13H20
Reaction1b: 2C0 + 0, — 2C0,

Combustion emission products consist of approximately 70% CO, and 30% H,O [Shell, 2008]. Using
these simplified reactions, it can be determined that forevery kg fuelconsumed, 3.14kg CO, and 1.28
kg H,0 are produced. Actualmeasurements show the correct values to be closer to 3.155 kg CO, and
1.237 kg H,0 [Wilkerson, 2010; Settler et al., 2011].

1.2.2 By-products of Combustion

The simplified reactions shown in Reactions 1a and 1b do not fully describe the actual combustion
process. Combustion chamber temperatures and pressures, fuel impurities and the availability of
various chemical compounds during the combustion process introduce additional complexities. A few
of these complexities are highlighted below.

Oxides of nitrogen can be formed in a variety of ways. The two most important for aviation-related
emissions are 1) the oxidation of nitrogen-containing compounds in fuel and 2) the oxidation of
atmospheric molecular oxygen to NO during high temperature combustion [Gokulakrishnan and
Klassen, 2013]. The first pathway is a function of the purity of the fuelitself and varies regionally and
temporally. The second pathway is the most important for jet fuel combustion.

Chemical reactions describing the thermal creation of NO, are shown in Reactions 2a - 2d [Wallace
and Hobbs, 2006]. Atmospheric air contains approximately 78% molecular nitrogen (N,) and 21%
molecular oxygen (O,) [Wallace and Hobbs, 2006] and at typical engine temperatures, these molecules
disassociate and produce various trace gases including NO, [Holloway and Wayne, 2006].

Reaction2a: 0, + M & 20 + M
Reaction2b: 20 + 2N, & 2NO + 2N
Reaction 2c: 2N + 20, < 2NO + 0,

Reaction2d: Net 02 + N2+ M & 2NO + M

The term NO, denotes the sum of the concentration of nitric oxide (NO) and the concentration of
nitrogen dioxide (NO,). These two species are often combined because theirinterconversion is rapid
in the stratosphere and the troposphere [Wallace and Hobbs, 2006]. Reactions 3a — 3c depict this
rapid daylight conversion and demonstrate a null cycle in which ozone is neither created nor destroyed
[Wallace and Hobbs, 2006].

Reaction3a: NO, + hv - NO + O
Reaction3b: O + O, + M - O3 + M
Reaction 3c: 03 + NO - NO, + 0,

During combustion, the initial ratio of NOto NO, is strongly dependent on thrust setting [Settleret al.,
2011]. At high thrust settings (such as during takeoff, climb, and cruise), NO, is composed of more



than 90% NO. At lower thrust settings (such as during taxiing and descent), more than 75% of NO,
emitted is composed of NO, [Settler et al., 2011].

During daylight hours, atmospheric NO, concentrations and ozone concentrations are in a steady state
andthe concentration of ozone is directly related to the ratio of NO, to NO [Wallace and Hobbs, 2006].
This ratio is determined by the amount of solar radiation (which converts NO, to NO, as shown in
Reaction 3a) and the concentration of ozone (which reacts with NO to again form NO,, as shown in
Reaction 3c). Simply put, during daylight the concentration of ozone inthe atmosphere is determined
by the ratio of the concentration of nitrogen dioxide to the concentration of nitric oxide.

Using representative valuesfor NO and NO, and the reaction rates associated with Reactions 3a-3c,
the calculated ozone concentration is lower than observed [Wallace and Hobbs, 2006]. An additional
chemical process is responsible for the production of additional ozone. If enough NO is readily
available in the atmosphere (approximately 10 pptv), the HO, cycle regenerates OH and NO and
converts NO to NO, without consuming O; [Wallace and Hobbs, 2006]. This cycle is shown in Reactions
4a-4e and is responsible for providing a means of increasing concentrations of tropospheric ozone.

Reaction4a: OH + CO + O, —» HO, + CO,
Reaction4b: HO, + NO - OH + NO,
Reaction4c: NO, + hv - NO + O
Reaction4d: O + 0, + M - 03 + M
Reaction4e: Net CO + 20, + hv - CO, + O3

At night, the solar radiation needed to drive reaction 3a is not available. Reactions 3b and 3c continue
unabated, and all NO, is transformed to NO,. NO, is then oxidized by O; (as shown in Reaction 5a).
NO; reacts with NO, to form N,Os (Reaction 5b), which then reacts inside a waterdroplet to produce
HNO; (Reaction 5c) [Wallace and Hobbs, 2006; Holloway and Wayne, 2011].

Reaction 5a: NO, + 03 = NO3 + O,
Reaction5b: NO, + NO3; + M — N,Os + M
Reaction 5¢:  N,0s5 + H,0 — 2HNO;

Reaction 5c is an example of heterogenous chemistry. The reaction is slow in the gas phase. The
difference between the gas phase and the liquid phase reactivity is due to lower-energyionicreaction
pathwaysinsolution. In a droplet of water, reaction 5c is essentially instantaneous and the dissolution
of N,Os is irreversible [Holloway and Wayne, 2011].

Besides high combustion temperatures, impurities in jet fuel can also affect the products of
combustion. Up to 0.3% by mass of jetfuel can consist of Sulphur [Starik et al., 2001]. Sulphur reacts
with oxygeninair to form sulfur dioxide (SO,). Inthe combustionsection of ajet engine, sulfur dioxide
is further oxidized to form sulfurtrioxide (SO;). This SO; exits the engine and reacts with watervapor
in the exhaust to form sulphuric acid (H,S0,4) which may then condense and form sulphate aerosols
[Starik et al., 2001].

The availability of oxygen and other chemical compounds also determines combustion by-products
[Lee and Kundu, 1993]. As shown in reactions 1a and 1b, when enough oxygenis present, complete
combustion can occur and CO, and H,0 are produced. When sufficient concentrations of oxygen are



lacking, incomplete combustion results in the production of carbon monoxide and soot, a black
powdery substance consisting largely of carbon [IPCC, 1999].

As previously mentioned, jet fuelis a mixture of a large number of hydrocarbons varyingin length and
geometry [Shell, 2008]. Energy is released when the chemical bonds holding these hydrocarbons
together are broken during combustion [Shell, 2008]. For a variety of reasons, including flame
guenching at combustion section boundaries, not all hydrocarbon chemical bonds are broken during
combustion [Tavakoli et al., 2020]. The resulting emission products therefore include multiple
hydrocarbons of various sizes and geometries that were not consumed during the combustion
process.

1.3 Environmental impacts of aviation emissions

The effects of jet fuel emissions are varied and complex. Due to ground operations, atmospheric
transport and atmospheric chemistry, combustion products tend to increase the quantity of surface
ozone by 0.3% to 1.9% globally [Cameron, 2017]. Additionally, climate response and chemical
transport models highlight a coupling between aviation-related emissions and the quantity of
particulate matter found near the surface [Cameron, 2017]. Both substances are considered harmful
air pollutants that can produce a variety of health issues including coughing, sore throat, and
decreased lung function [EPA, 2023]. Besides affecting surface air quality, aviation emissions also
influence climate change [IPCC, 1999].

Radiative forcing is a term used to describe the perturbation of the energy balance betweenincoming
solar radiation and outgoing infrared radiation in the Earth-atmosphere system [Holloway and Wayne,
2006]. In essence, positive forcing warms the Earth and negative forcing cools it. The term forcing is
used to indicate that the Earth’s radiative balance is being pushed away from its normal state
[Holloway and Wayne, 2006]. Natural radiative forcings include changes in solar radiation and volcanic
activity; however, these forcings are small compared to those resulting from human activities
[Holloway and Wayne, 2006].

Commercial aviation’s net contribution to radiative forcing is positive and complex [IPCC, 1999]. In
1999, the Intergovernmental Panel on Climate Change (IPCC) drafted a report that concluded that
aircraft emit gases and particles directly into the upper troposphere and lower stratosphere where
they have an impact on atmosphericcomposition. These gases and particles trigger the formation of
condensation trails, may increase cirrus cloudiness, and alter the concentrations of atmospheric
greenhouse gases including carbon dioxide (CO,), ozone (03),and methane (CH,) [IPCC, 1999]. Each of
these three pathways (contrail production, cirrus cloud formation, and greenhouse gas contributions)
affects radiative forcing.

Contrails are clouds consisting mostly of ice particles that form behind aircraft engines [IPCC, 1999].
These clouds form because water vapor and various cloud condensation nuclei form during the
combustion process and are exhausted to the atmosphere in environmental conditions that dictate
cloud formation [IPCC, 1999]. Air at warmer temperatures can contain more water vapor before
reaching saturation than air at coldertemperatures can [Peixoto and Oort, 1992]. If the environment
is sufficiently cold and moist, additional water vapor produced during jet fuel combustion can saturate
the nearby air and form clouds. Contrails can also be produced in air that is supersaturated with
respect to ice but lacks necessary cloud condensation nuclei [IPCC, 1999]. In this case, particles and
gases emitted from an aircraft’s engines provide these nuclei and long-lasting clouds are formed in
the wake of aircraft [IPCC, 1999]. Contrails are often seen trailing aircraft operating at cruise altitudes
(with temperatures around 215K) but seldom near the ground.



Aviation may also influence radiative forcing by forming cirrus clouds [IPCC 1999]. Cirrus cloud
production does not refer exclusively to the dispersion of a contrail. Although the mechanisms for
aviation-induced cirrus cloud formation are not well understood, there appears to be a correlation
between heavily travelled airways and cirrus clouds [Brasseur et al., 2008].

Finally, aviation influences radiative forcing by changing the concentration of atmospheric greenhouse
gases. These changes in concentrations are either a direct result of combustion, or an indirect result
of reactions that occur between emitted trace gasesand atmosphericcomponents [IPCC, 1999]. The
products and by-products of fuel combustion depend on the type of engine, the fuel, and the
environmental conditions at the time of the reaction and shortly thereafter. Figure 3 is an excerpt
fromthe 1999 IPCCreportand provides an estimate of projected radiative forcing from aircraft in the
year 2050. An estimate of the level of understanding for each of the various contributing factors is
listed at the bottom of the figure.

Radiative Forcing from Aircraft in 2050
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Figure 3. Estimates of the globally and annually averaged radiative forcing from subsonic aircraft emissions in

2050. The bars represent the best estimate of forcing while the line associated with each bar illustrates a 67%

probability that the true value falls within this range. The available information on cirrus clouds is insufficient

to determine either a best estimate or an uncertainty range. The level of scientific knowledge associated with
each factor is shown at the bottom of the figure.

1.3.1 Emissions contributing to positive radiative forcing

Greenhouse gases have electric dipole moments and absorb more terrestrial (longwave) radiation
than solar (shortwave) radiation [Wallace and Hobbs, 2006]. Molecules in the atmosphere absorb
different wavelengths of radiation depending on the orbital, vibrational, and rotational transitions
allowed by quantum mechanics [Holloway and Wayne, 2006]. Figure 4 highlights the spectrum where
several common greenhouse gases absorb radiation [Wallace and Hobbs, 2006].
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Figure 4. a) Blackbody spectra representative of the Sun (left) and the Earth (right) using a modified scale. b)
Spectrum of monochromatic absorptivity for the atmosphere that lies above 11 km. ¢) Spectrum of
monochromatic absorptivity for the entire atmosphere.

As mentioned in Section 1.2.1, CO, and H,0 are the primary products of jet fuel combustion. As can
be seenin Figure 4, they are also both potent greenhouse gases and make positive net contributions
to radiative forcing.

Current atmospheric carbon dioxide concentrations exceed 400 parts per million (ppm) [Lindsey,
2023]. Multiplying this concentration with the total amount of air in the atmosphere yields an
atmospheric reservoir of approximately 845 Petagrams (Pg) carbon. Considering the timescales of
interest, only two notable CO, sinks exist: terrestrial losses and annual oceanic uptake, with a net
removal being approximately 4 Pg C year [Archeretal., 2009]. Dividing the amount of carbon in the
atmosphericreservoirby the net carbon sinks dictates an atmospheric lifetime for carbon dioxide of
more than 200 years. During this lifetime, concentrations of carbon dioxide disperse globally [Archer
et al., 2009; Holloway and Wayne, 2006].

H,0 hasa much shorteratmosphericlifetime (five to nine days) [Archer et al., 2009]. Water emissions
that do notlead to contrail formation absorb infrared radiation and resultin positive radiative forcing.
The effect of water-induced contrails is more complex and not yet fully understood [IPCC, 1999].
Contrails, depending on their composition, height and depth, partially reflect shortwave solar
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radiation at certain frequencies [Holloway and Wayne, 2006]. Because they are composed of mainly
ice particles, they also absorb longwave terrestrial radiation. Since most contrails are relatively thin
and form nearthe tropopause, the consensus is that contrails contribute more to terrestrial warming
and positive radiative forcing [IPCC, 1999; Holloway and Wayne, 2006].

Of additional interest, commercial aircraft fly 30 - 40% of the time above the tropopause [Holloway
and Wayne, 2006]. The emission of water into the lower stratosphere by these high-flying aircraft
likely increases the frequency of Polar Stratospheric Clouds (PSC) which lead to the formation of the
seasonal Antarctic ozone hole [Holloway and Wayne, 2006].

NO, (the combination of NO and NO,) has a troposphericlifetime of approximately one day [Wallace
and Hobbs, 2006]. Although it does not have asignificant directimpact on radiative forcing, its indirect
impact must be considered. As shown in Reactions 3-5 and Figure 3, NO, modifies the abundance and
distribution of ozone (03) in the upper troposphere and lower stratosphere [Holloway and Wayne,
2006; IPCC, 1999]. Ozone is best known for forming a protective shield in the stratosphere that
protects life on Earth from damaging ultraviolet solar radiation [Wallace and Hobbs, 2006]. It is also,
however, a greenhouse gas, traps terrestrial radiation, and increases radiative forcing.

The effects of soot and unburned hydrocarbon emissions on radiative forcing are poorly understood
[IPCC, 1999]. Nevertheless, these emissions likely affect cloud formation and result in positive
radiative forcing [Holloway and Wayne, 2006]. Additionally, these particles may substantially enhance
the extent of heterogenous chemical processing [Holloway and Wayne, 2006].

1.3.2 Emissions contributing to negative radiative forcing

NO, emissions from commercial aircraft increase tropospheric ozone levels and lead to a positive
contribution to radiative forcing [IPCC, 1999] [Terrenoire, 2022] — at least in the short term. The net
effect of these emissions is actually more complex. Besides increasing quantities of O; in the
troposphere, NO, also causes a reduction in the quantity of atmospheric methane (CH,) through
reaction with a hydroxyl radical (OH) (as shown in Reactions 6a and 6b) [Terrenoire, 2022; Wallace
and Hobbs, 2006].

Reaction6a: OH + CHy + 0, - H,0 + CH30,
Reaction 6b: CH30, + NO — CH3;0 + NO,

Since methane is a potent greenhouse gas with a lifetime of approximately 9 years [Wallace and
Hobbs, 2006], this reduction contributes to negative radiative forcing and is global in scope. To further
complicate the issue, reduced atmospheric methane levels result in a long-term reduction in
tropospheric ozone levels and stratospheric H,O levels [Terrenoire, 2022]. These trends also
contribute to negative radiative forcing. To summarize, NO, emissions resultin anindirect, short-term
local change in ozone levels that produce positive radiative forcing and a long-term global change in
methane levels that results in negative forcing. Due to differences in atmospheric lifetimes, changes
to tropospheric ozone occur mainly in the Northern Hemisphere, while changes to methane
concentrations are global in scope [Archer et al., 2009]. Even though the globally averaged radiative
forcings are of similar magnitude and opposite in sign, the latitudinal structure of the forcing differs,
and the net regional radiative effects do not cancel [Archer et al., 2009].

Sulphate emissions reflect solar radiation and have a negative impact on radiative forcing [Stenchikov
et al., 1998; IPCC, 1999]. Like jetengines, volcanoes emitSO, [von Glasow et al., 2009]. Although the
quantities of emitted particles differ drastically, the atmospheric chemistry associated with these
emissions is actually quite similar. Afterthe 1991 eruption of Mount Pinatuboin the Philippines, the
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average global temperature decreased by 0.5° Celsius as a direct result of sulfate aerosols introduced
into the atmosphere during the eruption [von Glasowet al., 2009]. In a similar mannerto volcanic SO,
emissions, aviation-related SO, emissions can be chemically processed as discussed in Section 1.2.2.2
to produce sulphate particles. These particles then reflect shortwave solar radiation and reduce
radiative forcing.

1.4 Current State of Aviation Emission Datasets

Commercial, governmental, and academicinstitutions have attempted to calculate and model aircraft
emissions with arange of success. Since standardized proceduresare lacking, results vary significantly.
Most commercial organizations - such as google and myclimate - only calculate the amount of carbon
dioxide produced during a flight and ignore other aviation related emissions [Google, 2023;
Myclimate, 2022]. The departure and destinationairports are not used for positionalinformation; they
are simply used to calculate a great circle distance to estimate the distance flown [Google, 2023;
Myclimate, 2022]. Additionally, fuel consumption calculations are based on fleet averaged data when
available or organizationally specific formulas [Google, 2023; Myclimate, 2022]. The result of these
efforts is the approximate amount of carbon dioxide produced per flight.

Governmental organizations tend to strive towards standardization, althoughthe two most important
organizations in the aviation industry, ICAO and IATA, use different approaches to calculate aircraft
emissions. Both organizations ignore positionalinformation and trace gas emissions and focus only on
carbon dioxide production [ICAO, n.d.; IATA, 2024]. Although the methods generally follow those of
commercial organizations, improved accuracy results from the extensive databases these
organizations compile [ICAO, n.d.; IATA, 2024]. More granularity is provided by using fuel consumption
averages for specificaircraft types [ICAO, n.d.; IATA, 2024]. Similar to commercial efforts, the result of
these calculationsis the amount of carbon dioxide produced perflight with no positionalinformation.

One American governmental organization, the Environmental Protection Agency (EPA), has
established standards and requires laboratory testing and certification for all aircraft engines that
operate within, or fly to or from the United States [EPA, 2021]. To comply with these EPA standards,
ICAO compiles and publishes an open-source database of engine specific emissions which includes
several trace gases including oxides of nitrogen, hydrocarbons, and carbon monoxide [ICAO, 2019].

ICAO laboratory testing is conducted under conditions close to standard temperature and sea level
pressure. An allowable range for humidity is also dictated [EASA, 2017]. The testing measures fuel
consumption and emissions during a Landing and Takeoff cycle (LTO) and was designed to measure
emissions close to an airport [EASA, 2017]. The test lasts for approximately 33 minutes and four
differentthrust settings are used. 7% thrustis used for 26 minutes to simulate the thrust used while
taxiing. 100% thrustis used for 0.7 minutes to simulate the takeoff. 85% thrustfor 2.2 minutesis used
to simulate the climb and 30% thrust for 4 minutes is used to simulate the approach [ICAO, n.d.].
Although this database is of immense value for calculating aircraft emissions, it has two main
limitations: datais only available for fourfixed thrust settings and more than 80% of the test simulates
ground operations.

In some regions, academics have partnered with governmentalinstitutionsin an attemptto improve
the understanding associated with aircraft emissions. In the United States, 16 universities have
partnered with the Federal Aviation Administration (FAA), Department of Defense (DoD),
Environmental Protection Agency (EPA), and the National Aviation and Space Administrations (NASA)
to establish a center of excellence that focuses on aviation emissions [ASCENT, 2022]. This center
(ASCENT) has already made significant advancements; however, fuel consumption still relies on
theoretical formulas and fleet averages. Additionally, data is derived per flight [ASCENT, 2022].
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In Europe, the European Centre for Medium-Range Weather Forecasts operates and maintains the
Copernicus Atmosphere Monitoring Service (CAMS). In part, this service is designed to drive
atmospheric models performing forecasts and analyses of air quality and atmospheric composition.
The database is considered state-of-the-art, but has a spatial resolution of 0.5 x 0.5 degrees and a
temporal resolution of one month [Granier et al., 2019].

As can be seen, jetfuelemissions can become complex and modelling these emissions even more so.
The goal of the following effortis narrowerin scope. This thesis uses a “bottom up” approach to model
certain aviation-related emissions. Spatially and temporally accurate aircraft positional data (+10
meters, +1 second) are augmented with quantitative information concerning fuel consumption,
emission products, and selected trace gases that were produced at each position. For any specific
flight, these values are calculated persecond and are valuable for a variety of scientific and regulatory
purposes. To demonstrate the usefulness of this methodology, computed emissions from three
separate flights were used to run the Lagrangian Flexpart atmospheric transport model.
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2. Methodology

The focus of the following method is to provide improvements to quantitative, spatial, and temporal
fuel consumption for a variety of scientific and regulatory purposes. Once this consumption is
determined, aircraft emissions are calculated, and a variety of output products produced. Figure 5
provides a simplified overview of the steps performed in this method, while Appendix 1 contains a

more detailed roadmap.
Provide Raw Determine Ascertain Prod i
Data Flight Phases Emissions foquce Cutpd

e

Calculate Fuel
Consumption

Figure 5. Methodological Overview
2.1 Data Acquisition and Compilation

Information from multiple commercialand open-source databasesis necessary to accurately calculate
aviation-related emissions. The type of information and the databases queried are described in detail
in Sections 2.1.1and 2.1.2.

2.1.1 Required Input

For this method, two inputs are required: 1) a file containing flight-specifictransponderdata, and 2)
the specific hexadecimal transponder code associated with the aircraft performing the flight. Both
required inputs are provided by aircraft transponder transmissions and are obtained commercially
from the flightradar24! website.

Transponder use is mandated for almost all commercial flights [CFR, 2023]. They also aid air traffic
controllers and enhance safety [Caligaris, 2019]. Transponders transmit real-time positional,
temporal, and aircraft-specific data almost continuously [Caligaris, 2019]. Although additional data is
available, flightradar24 downloads only include the information provided in Table 1.

Timestamp uTC Callsign Position Altitude Speed Direction

1684008250 2023-05-13720:04:10Z DLH48C | 48.354069,11.797433 1545 145 199

Table 1. Excerpt from a flightradar24 download highlighting selected raw data provided by transponder
transmissions.

The second piece of information required is the hexadecimaltransponder code —oftenreferred to as
the ICAO24 code — that is associated with the actual transponder onboard the aircraft. Each
transponder has a unique, hexadecimal code assigned to it by the country of registration, and this
code is always transmitted to help identify the aircraft [Bodart, 2019]. Although this is archived in
flightradar24, it is not included in the downloaded information and must be manually accessed.

Besides the parameters archived at flightradar24, additional information is necessary to accurately
estimate aircraft emissions. An overview of the required parameters is compiled in Table 2. The
methods used to obtain this information and alternative solutions for missing information are
described in Section 2.1.2.

1 https://www.flightradar24.com; last accessed 13.01.2024
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Parameter Variable Source

Aircraft Type Aircraft Registration Opensky

Engine Type Aircraft Registration Opensky

Number of Engines Aircraft Type Opensky

Aircraft Weight Aircraft Type Opensky
Empty Weight Airbus / Boeing
Payload IATA Pax Load Factor
Fuel Load Lufthansa Safety

Flight Phase Altitude Flightradar24
Speed Flightradar24
Heading Flightradar24

Thrust Setting Flight Phase ICAO Testing Standards

Fuel Consumption Aircraft Type Aircraft Type Specific
Altitude Operating Manual
Flight Phase Performance Tables
Weight

Emissions Indexes Aircraft Registration ICAO Aircraft Engine Emissions
Engine Type Database
Flight Phase
Thrust Setting

Aircraft Emissions Fuel Consumption Thesis
Emissions Indexes

Table 2. Parameters required for calculating aviation-related emissions (left column). The middle column
highlights the variables required to determine each parameter. The right column indicates the source of the
information needed to determine the appropriate value for each variable.

2.1.2 Information obtained from External Databases

With information obtained from flightradar24, additional open-source databases can be queried to
obtain additional information. Allowances and approximations are also established to ensure that all
flights can be analyzed if some data is missing from a specific database. These allowances will be
discussed in detail individually.

A global database containing aircraft registration, aircraft type code and the number of engines
installed on any aircraft type is archived online?for all registered aircraft. The list can be queried using
the ICAO24 code. If the specific code is not found, flight time is used to approximate the applicable
aircraft type.

The nextstepisto determine the aircraft’s Dry Operating Weight (DOW), seating capacity and average
hourly fuel consumption rate based on the aircraft’s type code and various Lufthansa Aircraft
Operating Manuals. These manuals provide information concerning three types of regional aircraft
(Embraer 190, Embraer 195, and Canadair 900), five short-haul variants (Airbus 319, 320, 320 Neo,
321, and 321 Neo), three medium-haultypes (Boeing 787-900, Airbus 330-300, Airbus 350-941), and
four long-haul aircraft (Airbus 340-300, 340-600, Boeing 747-400 and 747-800).

For aircraft types not included, a comparison is made between the actual aircraft flown and a known
aircraft type for which both fuel consumption data and comparison data is available. Using this

2 https://www.opensky-network.org; last accessed 13.01.2024
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information, an appropriate correction for fuelflow is calculated. Comparison data is based on head-
to-head comparison testing for fuel consumption among different aircraft types. For example,
operating manuals and performance data are not available for a Boeing 737-400; however, this
information is available for an Airbus 320. If a flight is performed using a Boeing 737-400, an Airbus
320 is selected for modelling purposes and a fuelflow correction of +3.94% is applied to all phases of
flight based on flight testing results. Even though the Airbus 320 is used to initially estimate fuel
consumption, the appropriate correctionis used to scale fuelflow. Onthe otherhand, the conversion
from fuelconsumed to emission products remains coupled to the specificengines associated with the
selected Boeing 737-400.

In case no comparison data exists with the aircraft type of interest, seating capacity is used to
determine an appropriate model. For aircraft with fewerthan 110 seats, the Canadair 900 is used to
model fuel consumption. Aircraft with 110 to 200 seats available are modelled using the Airbus 320.
201 to 300 seats are modelled usingthe Boeing 789. Aircraft with a seating capacity of more than 300
are modelled with the Boeing 747-800.

If noinformation is available, open-source databases are usedto determinethe aircraft type’s average
fuelflow. Anaircraft type with a similar fuelflow is then used for modelling purposes and the ratio of
this fuel flow to the modelling aircraft type’s fuel flow is used to scale fuel consumption.

A separate database is used to determine the specific engines installed on the aircraft based on the
actual aircraft registration. Even if alternate aircraft are used for fuel consumption calculations, the
actual engine type is used for the conversion from fuel burned to emission products. Using this
information, the specific emission indexes for each engine type are determined. Annex 2 provides an
example for one specific engine.

2.1.3 Determining Aircraft Weight

Aircraft weightis a required parameterfor several operating manual performance tables. The aircraft
weight is composed of three basic inputs: the dry operating weight, the payload, and the fuel load.
The dry operating weight s a flight-specificweight; however, reasonable type-specific estimates exist
if exact flight data is not available. The payload consists of the weight of passengers, their baggage,
and any additional cargo carried onboard. Although the dry operating weight usually remains nearly
constant, the payload often varies significantly with each flight. Similarly, the fuel load varies
significantly dependingonthe route to be flown, the weather conditions, operational considerations,
and pilot technique.

Type specificvalues are used to determine the aircraft dry operating weight. Some erroris involvedin
this approximation because several factors such as seating capacity and the quantity of food and
beverages available onboard vary from airline to airline.

Payload estimates are difficult to estimate correctly. In this thesis, they are based on Passenger Load
Factors (PLFs). The PLF measures how much of an airplane’s passenger carrying capacity is used. If a
flightis fully booked, the PLFis 1, indicating 100% of the aircraft’s carrying capacity is used. The current
global average for the PLF is currently 0.824. Multiplying PLF by the seating capacity of the specific
aircraft considered provides an estimate forthe number of passengers onboard. Average weightsfor
both passengers and baggage are then used to calculate the payload. The value of 100 kg is used for
the combined weight of an average passenger and his baggage. This value is obtained from Table 3,
which is an excerptfromthe Lufthansa Flight Operations Manual. The value usedis shownin the row
for LMC (Last Minute Change) passenger/bag combined and the column for Standard Masses.
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Including Hand Baggage Including Checked Baggage Standard Masses
CREWS
Operating Cockpit Crew Yes 90 kg
Operating Cabin Crew Yes 90 kg
Engineers w/o Ticket Yes 90 kg
PASSENGERS
Adults (Male) No 88 kg
Adults (Female) No 70 kg
Children No 35 kg
Infants No Okg
Checked Baggage Actual Weight Actual Weight
LMC Passenger/Bag Combined Yes 100 kg
LMC Baggage Only 15 kg 15 kg

Table 3. A modified excerpt from the Lufthansa Flight Operations Manual highlighting average passenger and
baggage weights.

Estimating the fuelload is also difficult. Regulatory agencies require a minimum amount of fuelto be
carried onboard each flight. This quantity is aircraft and route specific and is prescribed in either
minutes of flight time or percentages of total fuel required. Although this regulatory minimum
provides a baseline, most flights are conducted with more fuelonboard than the minimum required.
Typically, enough fuelis ordered to fly for an additional 80 minutes after arriving at the destination
airport. This is the estimate used in this thesis. Different quantities of fuel are required for different
aircraft typesto fly for 80 minutes, but standard fuelflow rates are available for planning purposes. A
few are provided for illustration in Table 4.

Aircraft Type Average Fuel Flow (kg / hr)
Airbus 319 2400
Airbus 320 2400

Airbus 320 Neo 2000
Airbus 321 3000
Airbus 321 Neo 2400
Airbus 330 5400
Airbus 340-300 6000
Airbus 340-600 8400
Airbus 350 5400
Boeing 747-400 10000
Boeing 747-800 10000

Table 4. Average fuel consumption rates for various aircraft types in units of kg hr-1. This table is a modification
to an addendum of the Lufthansa Airlines Operating Manual.

Areasonable estimate for fuel weight can be calculated by initially multiplying 1.33 by the type -specific
extra fuel flow value in Table 4. This result represents the fuel in the tanks after landing at the
destination. This weight is then added to the fuel used for the flight. This weight can be estimated
using the product of the extra fuel flow and the length of the flight.

If fog or thunderstorm activity is forecast, pilots usually order more fuel. Additionally, at some
destinations fuelis either very expensive or not available. At these destinations, fueltankering is often
implemented. Tankering consists of transporting extra fuel in the tanks for the return trip. Since the
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aircraft weighs more, lower flight levels for cruise and higher fuel consumption result. These
deviations to standard procedures are not captured in any approximations and can only be
determined if additional information such as a valid load and trim sheet (Appendix 4) is available.

2.2 Determining Fuel Consumption

Our proposed methodology provides three majorimprovements foranalyzing fuel consumption. The
first is spatial and temporal accuracy improvements based on actual transpondertransmissions from
overflyingaircraft. There is no need to estimate altitudes; they are contained in the transponder data.
Additionally, positional and temporal information is based on the Global Positioning System (GPS)
satellite network. Typical deviations do not exceed 1 second temporally or 10 m spatially. A second
improvement this method offersis the improved quantitative consumption values obtained by using
actual aircraft performance tables instead of relying on approximations derived from the Bregeut
Range Equation, or similar efforts. Finally, the requirement to assume a constant climb, cruise, and
descent is not necessary. In this method, each line of data is analyzed to determine the appropriate
phase of flight. Intermediate level offs, step climbs, and otherroutine flight maneuvers are accurately
captured. Although less elegant than previous efforts, this approach is detailed and accurate.

2.2.1 Determining Milestones

The first step in analyzing transponder raw data is determining critical points during the flight that are
used to define various phases. These critical points, hereafter termed milestones, include “peak”, “off
block”, “airborne”, “takeoff roll”, “thrust reduction”, “approach”, “touchdown” and “on block”.
Additionally, an unlimited number of “climbs”, “level offs”, and “descents” are captured. For a given
flight, calculated milestones are based on altitude, airspeed, and heading information obtained from

the flightradar24 database.

The milestone “peak”is simply the maximum altitude reached during a flight. Since every flight starts
and ends at ground level, peak is used to differentiate the finalapproach phase of the flight from the
takeoff phase.Both these phasesinclude low-speed, low-altitude operations, potentially with multiple
level offs. Thrust settings and fuel flow for these two phasesare substantially different and peak helps
to prevent confusion.

The “off block” milestone indicates the start of the flight and is represented by the first row of raw
data received fromthe aircraft’s transponder. Transponders are turned on just prior to engine starts.
Any fuel consumption prior to activating the transponder (such as auxiliary power unit usage) is not
considered.

The “airborne” milestone is the first row of data containing a non-zero value for altitude. To ensure
the aircraft is airborne, the following row of datais checked to ensure this altitude is also non-zero.
“Airborne” is used as the starting point to determine the milestone “takeoff roll”, and the heading at
the time the aircraft becomes airborne is an important parameter in this determination. Since an
airborne aircraft may be required to turn, the milestone “airborne” is actually assignedto the row of
data prior to the first non-zero altitude to ensure the associated heading is the actual runway heading.

“Takeoff roll” is more complicated to determine. The headingand ground speed associated with the
milestone “airborne” are known. With this information, the prior row of data is analyzed to determine
if the aircraft is taxiing towards the runway oraccelerating during takeoff. If the aircraftis accelerating
and the difference in heading is less than 10 degrees, the aircraft is taking off and not taxiing. The
values for heading and ground speed associated with this row of data are then used to analyze the
previous row until either the difference in heading or the ground speed indicate that the aircraft is
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IH

taxiing. The milestone “takeoff rol
taxiing.

is associated with the row of data following the completion of

Most airports have implemented standardized noise abatement procedures to alleviate noise
pollution associated with aircraft operating at high thrust settings. There are two internationally
recognized procedures, both of which include a thrust reduction from takeoff thrust to climb thrust
1500 ft (~457.2 m) above ground level (AGL). As such, the milestone “thrust reduction” is associated
with the first row of data for which the altitude exceeds 1500 ft AGL.

“Approach”is the first row of data after the milestone peak for which the altitude is less than 5300 ft
(~1615.4 m), and the ground speed is less than 250 knots (~128.6 m sec™). Both altitude and speed
are critical parametersto determineif an aircraftis in the approach phase. Commercial aircraft arriving
at destination airports with high speeds (above 250 knots) and low altitudes (below 5000 ft) use idle
thrust and high-drag devices to slow the aircraft prior to landing. Fuel consumption rates for these
low-flying, high-speed aircraft are more accurately modelled using thrust idle values. If both the
altitude and the airspeed indicate the aircraft is in the approach phase, fuel flow values are slightly
higher and account for the additional thrust required to maintain airspeed while using high-drag
devices such as flaps and landing gear.

Between “thrust reduction” and “approach”, each row of data is analyzed to determine if the aircraft
is climbing, level, or descending. Two parameters are considered to make this determination.
Obviously, altitude is important; however, the rate of change of altitude (vertical velocity) also plays
a crucial role. Prior to reaching an assigned altitude, aircraft normally reduce the rate of climb or rate
of descent to no more than 1000 ft min™ (~5.08 m sec?). This reduction smooths the level off and
precludes unintentional Traffic Collision Avoidance System (TCAS)warnings. Although the effecttoan
idle descent is minimal, the change in vertical velocity during the climb phase results in large thrust
changes and fuel flow adjustments.

If the altitude deviation between two rows does not exceed 300 ft (~91.4 m) and the vertical velocity
does not exceed 700 ft mint (~3.6 m sec?), the aircraft is level. If the altitude deviation exceeds 300
ft, the aircraft is either climbing or descending depending on the direction of the altitude deviation.
For each change, the associated milestone array is appended to accurately capture all intermediate
level offs, step climbs, and premature descents.

“Touchdown” indicates the first row of data (after the milestone “approach”) for which altitude is
zero. In essence, “touchdown” indicates when the aircraft has landed.

“On block” indicates the completion of the flight and is represented by the last row of raw data
received fromthe aircraft’s transponder. Transponders are turned off just prior to shutting down the
engines. Any fuel consumption after securing the transponder (such as auxiliary power unit usage) is
not considered.

2.2.2 Converting Milestones to Phases of Flight

Using these flight-specific milestones, each flight is divided into specific phases. During a specific
phase, the thrust setting and associated fuelflow remain approximately constant. Figure 8 illustrates
the different phases of flight considered in this thesis.
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Figure 8. Flight profile depiction with illustrative phases of flight

Milestones define the commencement and completion of various flight phases. Table 5 lists these
phases and their associated milestones. During a specific phase of flight, linear interpolation is used to
provide data for every second of any flight for which data is available.

Commencement Milestone Flight Phase Termination Milestone
Off block Taxi Out Takeoff Roll
Takeoff Roll Takeoff Thrust Reduction
Climb Climb Intermediate Level Off or Descent
Intermediate Level Off Cruise Climb or Descent
Descent Descent Intermediate Level Off or Approach
Approach Approach Touchdown or Climb
Touchdown Taxiln On block

Table 5. Milestones define the commencement and completion of a specific phase of flight.

2.2.3 Calculating Fuel Flow

As mentioned in Section 2.2.2, the importance of determining phases of flight is that during these
phases, thrust settings remain constant. Additionally, information concerning phase -specific fuel
consumption is available from various aircraft operating manuals. Although neither this information
nor the format in which it is presented is standardized, fuel consumption information for all aircraft
types and all phases of flight is obtainable.

To illustrate, Table 6 shows standard values for taxi phase fuel consumption for the Lufthansashort-
haul fleet. During this phase, idle thrust is more than enough to obtain desired taxi speed. Pilots
control speed using brakes to slow the aircraft, not thrust to accelerate. Additionally, taxi fuel
consumption is completely independent of aircraft weight. The values in Table 6 (and similar values
foradditional aircraft types) are converted to kg sec’* and used to determine fuel consumption during
all taxi phases.
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Standard Fuel Flow during Engine Startup and Taxi Operations
Airbus 319 10 kg / min
Airbus 320 11.5 kg/ min
Airbus 321 13.5 kg /min

Airbus 321 Neo 10.3 kg / min

Table 6. Rate of fuel consumption for four aircraft types, modified from the Lufthansa Flight Operating Manual
Part B. Similar information is available for all aircraft; however, this information is not provided in a
standardized format.

Fuel consumption is highest during the takeoff roll because the aircraft is heavy and needs to
accelerate and climb. Climb performance tables, such as the one shown in Figure 9, are used to
calculate takeoff fuel flow. To use these tables, the altitude and aircraft weight are required inputs.
The lowest row of data correspondsto the lowest altitude in the table. This is the row of interest for
determining the takeoff fuel flow. In Figure 9, this value corresponds to 1500 ft. The aircraft weight,
as calculated in Section 2.1.3, determines the appropriate column. Additional parameters (aircraft
center of gravity, use of air conditioning and anti-ice systems, and temperature deviations from
standard conditions) are assumed to comply with the charted assumptions. The values presented start
at brake release, which corresponds to the milestone “takeoff roll”. For illustrative purposes, the
amount of fuel and the time required to reach 1500 ft from brake release can be easily determined
using Figure 9. For a 72-ton Airbus 320-200 series aircraft, 2 minutes and 213 kg of fuel are required.

Climb tables are also usedto determine the fuelconsumption rates during the climb phase. To do so,
two conditions are evaluated: the altitude and weight at the start of the climb, and the altitude and
weight at the completion of the climb. Linear interpolation is used to more accurately access values
of both weight and altitude that lie between charted values. The difference between the fuel
consumed and the time required forthe two climb conditions is then used to determine the applicable
fuelflow. For example, an Airbus 320-200 initially weighing 72 tons burns 526 kg of fueland requires
5 minutes to climb to 10,000 ft. To climb to 31,000 ft, the same aircraft requires 1714 kg and 20
minutes. The differences between these values (1190 kg and 15 minutes) can be used to determine
an average fuel flow consumption rate of 79.3 kg min! required to climb from 10,000 ft to 31,000 ft.

Still, fuel consumption and aircraft weight decrease while climbing. Significantly more fuelis burned
atthe start of along climb than atthe completion. Average fuel flow consumption values can therefore
be misleading. To minimize this source of error, each row of data in the climb phase is analyzed
individually and the aircraft weight is recalculated accordingly. Altitude changes depend on the raw
data provided by flightradar24, but seldom exceed 1000 ft.

As discussed in Section 2.2.1, a level off is defined by a vertical velocity of less than 700 ft min-! and
an altitude change of less than 300 ft from the previous row of data. Difficulties arise in visually
identifying level offs or by assuming the altitude needsto remain constant. As an aircraft approaches
an assigned altitude, the rate of climb is reduced and the speed maintained. Fuel flow decreases
significantly — approximately to the cruise value at the associated altitude. If the aircraft is given a
furtherclimb, the actual vertical velocity may neverdrop to zero. Nevertheless, climbing at a reduced
vertical velocity strongly affects fuelconsumption and resultsin fuel flow rates closer to cruise values
than climb values.
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Figure 9. An extract from the Operating Manual for an Airbus 320-200 series aircraft. Climb tables may be used
to determine takeoff fuel flow consumption by dividing the amount of fuel consumed while climbing to 1500 ft
by the time required to reach 1500 ft.

To illustrate, Figure 10 is an actual plot of raw data provided from flightradar24. The plot simply shows
altitude as a function of time forthe duration of a flight. The colored segments are added to highlight
different phases of the flight. After takeoff, alevel off at 3000 ft was required. Ashort yellow segment
located at approximately 960 seconds on the x-axis depicts this level off and the associated fuel

consumption reduction.
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Figure 10. Raw data from flightradar24 showing altitude as a function of time for an actual flight. Coloring
highlights different phases of flight including the inconspicuous level off at 3000 ft during the initial climb.

Ideally, descents are performed atidle thrust and the pilot controls airspeed by managing the rate of
descent. This trade-off between potential and kinetic energy saves fuel and provides a comfortable
glidepath for passengers during the descent (typically around 3°). An idle descent is assumed in this
thesis and furthermore, fuel consumption during descent is considered equal to thrust idle fuel
consumption while taxiing.

Finally, fuel consumption during the approach phase needs to be determined. Compared with other
phases, the approach phase is the most variable. Some approaches are conducted atidle thrust. High -
drag devices such as flaps and landing gear are then used to slow the aircraft towards the desired
landing speed. Other approaches require high thrust settings to overcome the drag associated with
these devices while maintaining assigned speeds and altitudes. Average values are required. Once
more, flight operating manuals provide the desired values. An excerpt is included in Table 7. Using
average values for the fuel consumed and the time required to fly an approach, accurate fuel
consumption rates can be easily calculated assuming standard atmospherictemperatures, an aircraft
center of gravity of 33%, normal air conditioning use, and no anti-ice or de-ice system usage.
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CRUISE - LONG RANGE - ALL ENGINES
MAX. CRUISE THRUST LIMITS ISA N1 (%) MACH
NORMAL AIR CONDITIONING €G=33.0% | FUEL FLOW IAS (KT)
(KG/H/ENG)
ANTI ICE OFF SR (NM/1000KG) TAS (KT)
WEIGHT FL290 FL310 FL330 FL350 FL370 FL390
(1000KG)
50 69.7 .608| 71.2 .631| 729 .654| 74.7 .685| 76.7 .718| 79.0 .752
748 231 740 230 733 229| 733 229, 740 231| 751 231
240.5 360| 250.0 370 259.6 381 269.2 395/ 278.5 412 287.2 431
52 70.5 .617| 72.2 .641| 739 .667| 75.6 .696| 77.6 .734| 79.7 .761
774 235| 768 234 763 233| 762 233| 774 236| 777 234
| 2359 365 2449 376 254.1 388| 263.2 401| 272.0 421| 280.8 436
54 714 .627| 73.1 .651| 748 .679| 76.5 .711| 784 .746| 80.4 .766
802 239| 796 238 794 238| 795 239 804 240| 800 236
| 2314 371] 240.0 382 248.7 395| 257.5 410| 266.0 428| 274.6 440
56 72,3 .638| 74.0 .661| 757 .691| 77.3 .726| 79.2 .756| 81.0 .771
831 243| 824 242 826 243| 830 244| 832 244 823 238
| 227.0 377 235.3  388| 243.5 402| 252.0 418 260.4 433 268.4 442
58 73.1 .646| 748 .673| 76.5 .702| 78.2 .740| 79.8 .763| 81.7 .776
857 246| 856 246, 855 247| 865 249| 858 246 849 240
222.8 382| 230.7 395| 238.6 408| 246.6 426, 255.1 437| 262.0 445
60 739 .654| 75.7 .684| 77.3 .717| 789 .749| 80.4 .768| 82.5 .780
885 250 886 251 891 252| 893 253 881 248| 876 241
218.8  387| 226.3 401 233.9 417| 241.8 432 249.9 440| 255.5 447
62 74.7 .664| 76.4 .694| 78.1 .730| 79.5 .757| 81.0 .772| 83.2 .781
915 254| 917 255| 925 257 920 256, 904 249| 901 241
2149 393| 222.0 407| 229.3 424| 237.2 437, 244.7 443| 248.7 448
64 75,5 .674| 77.1 .704| 78.8 .741| 80.1 .763| 81.6 .776| 83.9 .780
946 258| 948 259 958 262 945 258| 930 251| 925 241
211.0 399| 2179 413| 2249 431 2328 440 239.4 445| 2419 448
66 76.2 .684| 779 .717| 794 .749| B80.6 .768| 82.3 .780| 84.7 .779
977 262| 983 264 986 265| 969 260 957 253 951 241
L 207.2 405 214.0 421| 221.0 436| 228.5 443 233.9 448 234.8 447
68 77.0 .694| 78.6 .729| 80.0 .757| 81.2 .771| 83.0 .781| 85.6 .778
1009 266| 1018 269| 1014 268| 992 261| 982 253| 983 240
203.6 411 210.1  428| 217.1 440 224.2 445| 228.2 448| 226.8 446
70 77.6 .703| 79.3 .740| 80.6 .762| 81.7 .775| 83.6 .781| 86.3 .771
1040 270| 1052 273| 1039 270| 1017 263| 1006 253| 1005 238
| 200.1 416 206.3 434 2134 443 219.7 447 222.6  448| 220.0 442
72 78.3 .716| 799 .748| 81.1 .767| 82.3 .780| 84.3 .779
1076 275| 1081 276, 1063 272| 1045 264| 1030 252
196.8  424| 203.0 439 209.7 446| 215.1 450/ 216.8 447
74 79.0 .727| 804 .755| 81.6 .770| 83.0 .781| 85.1 .779
1112 280 1109 279 1087 273| 1070 265| 1063 252
193.5 430] 199.7 443 206.1  448| 210.4 450/ 210.3 447
76 79.7 .738| 809 .761| 82.1 .774| 836 .781| 86.0 .778
1148 284| 1136 281 1112 274| 1095 265 1097 252
1 190.2 437| 196.5 446/ 202.4 450 205.7 450| 203.4 446
78 80.2 .745| 814 .765 826 .778| B84.2 .780| 86.6 .770
1177 287 1160 283| 1139 276| 1119 265| 1117 249
187.4 441 1934 449 198.6 452| 201.0 450| 197.8 442
79 80.5 .748| 816 .767| 829 .780| 844 .780
1191 289| 1173 284 1153 277| 1131 264
186.0 443| 1919 450 196.7 453| 198.7 449
CORRECTIONS LOW AIR ENGINE ANTI ICE |TOTAL ANTI ICE ON
CONDITIONING ON
FUEL -0.3 % +1% +5%

Figure 11. An extract from an Airbus A320 Neo Flight Operating Manual. The portion of the Cruise Performance
Table depicted shows that knowing aircraft weight and altitude, cruise fuel flow can be calculated.

Approach and Landing

Aircraft Type Fuel required for Approach Time required for Approach
Airbus 319 60 kg 4 minutes
Airbus 320 80 kg 4 minutes
Airbus 321 100 kg 4 minutes
Airbus 321 Neo 140 kg 4 minutes

Table 7. Fuel and Time required to perform an approach in four different aircraft types, modified from the
Lufthansa Flight Operating Manual Part B for continental aircraft.

To summarize, every second of any flight is assigned an associated phase of flight. During this phase,
thrust settings are stable and fuel consumption is constant. Knowing the appropriate phase, type-
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specific aircraft operating manuals are used to determine the fuel flow at each second. Positionaland
temporal informationis provided from transpondertransmissions. Linearinterpolation is used when
required. The result, and the crux of this thesis, is an accurate depiction of where, when, and how
much fuel was consumed on any flight.

A total of 30 flights were selected and analyzed to verify the accuracy of the aircraft weightand fuel
consumption estimations. Calculated values were compared with actual data obtained from the pilots
who conducted the 30 selected flights. Actual flight data included the amount of fuelonboard at the
startand completion of each flight, the aircraft Dry Operating Weight, number of passengers onboard,
fuelload, payload, center of gravity, aircraft type, engine type and the number of engines associated
with the aircraft. Much of the data was included in the Load and Trim sheet, an example of which is
included in Appendix 4. The results of the comparison are depicted in Figures 12 and 15.

2.3 Converting Fuel Consumption to Emission Products

Jet fuel combustion results in the production of carbon monoxide and water vapor. Additionally,
numerous trace gases are produced during the combustion process. Carbon dioxide and watervapor
emissions are accurately calculated by simply multiplying the amount of fuel consumed by either3.16
for carbon dioxide [Dickson, 2015] or 1.24 for water vapor [Wilkerson, 2010]. The phase of flight has
no effect on the production of either of these compounds. The process for calculating specific trace
gases is more complex.

All certified aircraft engines undergo an International Civil Aviation Organization (ICAO) emissions test.
The results of these standardized tests are published, and an excerptis providedin Table 8. Appendix
2 contains the complete data and the appropriate assumptions for a specific engine.

Mode Thrust Setting Time Fuel Flow Emissions Indexes (g/kg)
(%) (minutes) | (kg/s) HC co NO,
Takeoff 100 0.7 1.142 0.02 0.25 21.57
Climb 85 2.2 0.939 0.02 0.16 17.23
Approach 30 4.0 0.316 0.05 3.24 8.85
Idle 7 26.0 0.102 1.92 32.07 4.22
Total Fuel (kg) or Emissions (g) 407 314 5386 4511

Table 8. Phase specific emission index and fuel consumption data for a CFM56-5B4/P SAC engine. Data is
modified from the ICAO Engine Emissions Databank, which contains information for all certified aircraft
engines.

The amounts of HC (Hydrocarbons), CO (carbon monoxide) and NO, produced by jet fuel combustion
are determined using these tests. To reiterate, trace gas quantities depend on the phase of flight in
which they were produced. These quantities are provided in grams kg of jetfuel consumed. During
laboratory testing, only four thrust settings are considered: Takeoff, Climb Out, Approach, and Idle.
Although the fuel flow of an engine powering an aircraft under actual atmospheric conditions and
externalloads differs significantly from an unloaded engine underlaboratory conditions, the ratio of
fuel consumed to emissions products is assumed to remain constant.

Furthermore, current laboratory testing does not provide emissions values for cruise thrust settings.
Typical cruise thrust values are between 20% - 30% of takeoff thrust values [NASM, 2012]. For this
thesis, cruise thrust is defined as 25% of takeoff thrust. Linear interpolationis used to determine the
emissions index associated with cruise thrust for various emissions. During EPA testing, approach
thrust is defined as 30% takeoff thrustandidle as 7%. Using linear interpolation, the emissions index
forcruise thrustis defined as 18/23 of the approach emissionsindex for NO,and otheremissions that
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increase with increasing thrust. Alternatively, CO and HC emissions decrease with increasing thrust.
For these emission indexes, the approach index is scaled by 23/18.

By simply multiplying the fuel consumed per second using the method described in Section 2.2.3 by
the ratio of fuel consumed to emissions produced during the EPA testing, an accurate value for a
specific emissions product can be calculated for every second of any flight.

2.4 Modelling methodology

Estimated emission profiles for three flights were used to carry out NO, transport simulations using
the FLEXPART (FLEXible PARTIicle) dispersion model. Data concerning the simulations is summarized in
Table 9. Although the term NO, is used, all Flexpart simulations used a chemically inert tracer gas
having the same molecular weight as NO,. As shownin Table 9, all simulations ended 24 to 25 hours
after flight completion.

Flight | From | To Sim Start | Flight Start | FlightEnd | SimEnd | Total NO,
(g)

LH2301 | AMS | MUC | 23.08.23 23.08.23 23.08.23 24.08.23 21136
0700 UTC | 0710 UTC | 0819 UTC | 0900 UTC

LH859 | OSL | FRA | 05.06.23 05.06.23 05.06.23 06.06.23 68239
0700 UTC | 0753 UTC | 0950 UTC | 1000 UTC

LH422 | FRA | BOS | 24.02.23 24.02.23 24.02.23 25.02.23 607536
0900 UTC | 0954 UTC | 1807 UTC | 1900 UTC

Table 9. Flight data used for FLEXPART simulations.

FLEXPART is a Lagrangian particle dispersion model usedto simulate the transport and dispersion of
atmospheric gases and aerosols (Pisso et al., 2019). Unlike Eulerian models that track changes in air
concentrations at fixed locations, Lagrangian models follow individual air parcels as they move
through the atmosphere. FLEXPART is one of the most used Lagrangian models for climate research
and has beenvalidated in avariety of settings, including the transport of pollutants (Jonesetal., 2007).

Additional information concerning environmental variables is essential for a successful FLEXPART
simulation. Besides wind, temperature and pressure data, information concerning three -dimensional
cloud fields and rainfall is also required. Two-way interactions between clouds and particles are not
includedin the model; however, wet scavenging isimplemented and provides animportant sink term
(Lin, 2013).

For the FLEXPART simulations conducted in this thesis, European Reanalysis v5 (ERA5) meteorological
data was used. This data is based on the T213 L31 numerical weather prediction model of the
European Centre for Medium-Range Weather Forecasts (ECMWF) and provides hourly estimates of
atmospheric, land and oceanic climate values on a 30 km grid, with 137 atmosphericlevels from the
surface to 80 km in altitude (Pisso et al., 2019).
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3. Results

Initially, the methodology presented in Sections 2.1 and 2.2 was used to determine emissions for
one flight for every aircraft type in the Lufthansa Classic and Lufthansa Cityline fleets. For each of
these flights, the actual off block fuel (quantity of fuelin the tanks when the engines are started) and
the actual on block fuel (quantity of fuelin the tanks afterthe engines are shutdown after the flight)
were obtained from the pilots who performed the flight. The difference in fuel quantities was used
to verify the amount of fuel actually consumed during each specific flight. Additionally, Load and
Trim sheets were used to verify the Dry Operating Weight, the passenger load factor, the payload,
the fuelload, and the total aircraft weight. A sample Load and Trim sheet is shown in Appendix 4.
Furthermore, Lufthansa Group Air Operating Manuals were used to confirm the appropriate engine
type and number and the phase-specific fuel consumption. Table 10 provides an overview of the
flights initially considered.

Registration Aircraft Operator Category Flight Date of Departure Arrival
Type Number Flight
D-ACNI CRJ9 Cityline Regional LH2301 23.08.23 AMS MUC
D-AECF E190 Cityline Regional LH355 25.08.23 BRE FRA
D_AIQW A320 | Lufthansa Short LH859 05.06.23 OSL FRA
D-AIKK A333 Lufthansa | Medium LH568 23.07.23 FRA LOS
D-AIGU A343 Lufthansa Long LH422 24.02.23 FRA BOS
D-AIHU A346 Lufthansa Long LH428 23.07.23 MUC CLT
D-AIXM A359 Lufthansa | Medium LH521 25.07.23 MEX MUC
D-ABVY B744 Lufthansa Long LH712 18.08.23 FRA ICN
D-ABYO B748 Lufthansa Long LH572 20.08.23 FRA JNB
D-ABPB B789 Lufthansa | Medium LH447 30.07.23 DEN FRA

Table 10. An overview of 10 flights used for method verification purposes.

3.1 Aircraft Weight Determination

Afterinitial validation, an additional 30 Lufthansashort-haulflights were analyzed, and actual aircraft
weights were compared with calculated values using the verification process discussed in Section 3.
The results are shown in Figure 12. As discussed in Section 2.1.3, weight is used to determine fuel
consumption from appropriate performance tables.
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Figure 12. A comparison between actual aircraft weight determined from Load and Trim sheet data with
estimated values determined using the aforementioned process.

Severalstatistics help quantify the validity of the method used to estimate aircraft weight. Besidesthe
Pearson’s Correlation Coefficient (R), the Root Mean Squared Error (RMSE), the Mean Bias Error (MBE)
and the Mean Percent Error (MPE) provide additionalinsight. The Pearson’s Correlation Coefficient s
a number (between —1 and 1) that indicates the linear interdependence between two variables. In this
case, the variables are the actual and the calculated aircraft weight. The Pearson’s Correlation Coefficient
of 0.9134 shows a very strong, positive linear dependence between these two variables.

The RMSE is the average difference between amodel’s predicted values and the actual values. RMSE
is always positive and expresses the average absolute error. Ingeneral, the lowerthe RMSE value, the
betterthe model. For estimating aircraft weight, this method achieved a RMSE of 3195 kg. In essence,
calculated values for aircraft weight either overestimated or underestimated actual values by slightly
more than 3000 kg on average.

The MBE provides some additional insights into the magnitude and direction of the error between
calculated and actual aircraft weights. The MBE is simply the mean difference between the predicted
values and the actual values. A negative MBE is associated with a model that underestimates actual
conditions. A positive value is indicative of overestimation. Like the RMSE, the lower the MBE, the
better the model. This method achieved a MBE of -1224 kg, indicating that on average, the model
underestimates the aircraft weight.

Finally, the MPE is the average of the percentage errors by which forecasts of a model differ from
actual values of the quantity being forecast. Although similar to the MBE, the MPE provides the
relative deviation that occurs when a modelis used. This method achieved an MPE of —1.6%.

3.2 Flight Profile

One flight will be used to showcase relevant output products generated by the proposed
methodology: Lufthansa Flight 859 from Oslo, Norway to Frankfurt, Germany (05.06.2023; 07:53-
09:50 UTC). The flight was conducted with an Airbus 320 aircraft. Transponder download data
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(acquired from flightradar24) and the aircraft’s unique transponder code (3c6637) were used to
generate the flight route (Figure 13) and the flight profile (Figure 14).

As can be seen from the vertical profile (Figure 14), forapproximately the first 400 seconds, the aircraft
conducts ground operations. Between approximately 400 and 1500 seconds, the aircraft becomes
airborne and climbs almost continually to a cruising altitude of around 13000 m. After cruising, an
initial descent is followed by an intermediate level off at around 7500 m. A few minutes later, the
descent continues until a second intermediate level off around 4000 m is conducted. After another
few minutes, the descent continues, an approach is conducted, and the aircraft lands in Frankfurt
approximately 6600 seconds afterthe engines were started. The remaining time shown in Figure 14
includes the landing roll out, taxiin, and engine shutdown.

Flight Route for Flight LH859

Figure 13. Map displaying the route flown on 05.06.2023 by Lufthansa flight LH859. The route displayed
reflects actual transponder transmission positions.
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Figure 14. Vertical profile for flight LH859 from Oslo to Frankfurt.

3.3 Fuel Consumption Calculation

Fuel consumption for each flight is determined using calculated aircraft weights and applicable
performance tables such as those depicted in Table 7, Figure 9 and Figure 11. Integration was
performedto determine the cumulative consumption. This calculated fuel consumption is compared
to actual consumption in Figure 15.
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Figure 15. A comparison between calculated and actual fuel consumption during 30 Lufthansa short-haul
flights.
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Error analysis using the same metrics as in Section 3.2 demonstrates a strong linear dependence
between calculated and actual fuel consumption (R=0.9836). The modeltends to underestimate fuel
consumption by 117 kg (RMSE = 316 kg, MBE = -117 kg, MPE = -2.4%).

Although comparing actual fuel consumption with calculated consumption for an entire flight is useful
for verification purposes, the advantage of this technique lies in the ability to determine fuel
consumption accurately for every second of any flight. After determining various milestones and
differentiating various phases of flight, fuelconsumption was calculated per second for the duration
of the flight (Figure 16).

The fuel consumption profile shown in Figure 16 correlates with the phases of flight discussed in
Section 3.2. After engine starts, fuel consumption is low during taxi out and preflight operations.
During takeoff (indicated in Figure 16 at about 500 seconds), thrust and fuel consumption are at a
maximum. Shortly after takeoff, thrust is reduced and fuel consumption decreases slightly.
Thereafter, consumption decreases nonlinearly during the climb due to changes in environmental
conditions and aircraft weight (due to fuel consumption).

The aircraft reachesits cruising altitude after approximately 1750 seconds. Fuel consumption at cruise
is markedly less than during the takeoff or climb phase. When the aircraft commences its initial
descent (after approximately 4500 seconds), fuel consumptionis ata minimum. During intermediate
level offs, consumption increases as expected as additional thrust is required to maintain airspeed and
altitude. The peak occurring near 4900 seconds is a result of an intermediate level off. Fuel
consumption here is slightly higher than at the cruising altitude because the airis denser due to the
lower altitude. The next peak (starting at about 5500 seconds) is also slightly higherthan the previous
peakforthe samereason. The final peak shows the approach phase, in which the aircraft slows and
configures prior to landing. After touchdown, fuel consumption returns to its minimum value until
the engines are shut down at the end of the flight.
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Figure 16. Graphical depiction of fuel consumption for each second of flight LH859 from Oslo to Frankfurt.
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3.4 Primary Combustion Products and Selected Trace Gases

As mentioned in Section 1.2.1, carbon dioxide and water are the primary products of jet fuel
combustion. The quantities of these products are independent of the phase of flight in which they
were produced and are simply linear transformations of the fuel consumption graph. The quantities
of carbon dioxide and water produced during flight LH859 are shown in Figure 17a and 17b. As
expected, the profilesfor both products are replicas of the fuel consumption profile presented in
Figure 16. If desired, the calculated quantities could also be plotted on Figure 16 using a secondaryy-
axis.

Trace gas production is more complex and more flight phase dependent. Production of some gases,
such as NO,, increase with higher combustion chamber temperatures and pressures associated with
higher thrust settings. Other gases, such as carbon monoxide increase in production at lower thrust
settings due to incomplete combustion. Figure 17c and Figure 17d depict the production of several
selected trace gases produced during flight LH859.

Although similar to the fuel consumption profile depicted in Figure 16, the NO, profile displayed in
Figure 17c is stretched vertically. Because NO, production varies nonlinearly with thrust setting, high
thrust settings - such as those used during takeoff and climb — not only consume more fuel, but also
produce more NO, per kg of jet fuel consumed than lower thrust settings. Engine specific emissions
indexes for specific emissions are used to calculate applicable factors for determining trace gas
production rates based on fuel consumption and thrust settings. These indexes also determine the
applicable amount of vertical stretching in the plot.

Othertrace gases are more abundant at lowerthrust settings. Figure 17d shows carbon monoxide as
an example. When thrustis at a minimum, fuel consumption is low but carbon monoxide production
is at a maximum. Profile changes coincide exactly with flight phase transitions. High production occurs
at low thrust settings during ground operations and flight idle descents. Lower production occurs at
high thrust settings during takeoff, climb, and cruise.

The approach phase commences around 6300 seconds into the flight. The height of the valley
occurring at this time is the result of a higher emissions index associated with the approach phase
compared with the emissions index coupled to the cruise phase.
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Figure 17. Emission rates of: (a) CO2, (b) H20, (c) NOy, and (d) CO, produced during flight LH859 from Oslo to
Frankfurt.

3.5 Additional Output Products

Flightradar24 uses commercial algorithms to determine an appropriate amount of time between each
row of raw data reported in their download. The amount of time between two lines of data varies
significantly during a flight and depends largely on the stability of the parameters listed in their
download. Longer timeframes are used when measured parameters remain relatively constant.
Dynamic flight phasesincorporate more rows of data to highlight the significant changes that occur in
various parameters. Figure 18 shows the amount of time (in seconds) between each row of data in
the LH859 download. The peak occurring around row 450 is the result of sto ppingthe aircraft prior to
continuing to taxi. The wait was approximately 100 seconds and no parameters changed during this
timeframe.
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Figure 18. Graphical depiction highlighting the amount of time between each row of data included in the
Flightradar24 download for flight LH859 from Oslo to Frankfurt.

The amount of time between two reporting points is needed to correctly augment the flightradar24
file with additional combustion product data. Figure 19 shows a graph in which the data from Figure
18 was used to transform the x-axis in Figure 19 from seconds to Flightradar24 download row
numbers. The figure does not include any new information; it simply presents the amount of NO,
produced as a function of data row number instead of as a function of time.
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Figure 19. NOy produced by jet fuel combustion as a function of data row number instead of time.
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To demonstrate the advantagesof increased granularity and accurate positionalinformation obtained
using this technique, NO, emission data for this flight and two additional flights was input into the
atmospheric transport model, Flexpart. As mentioned in section 2.4, NO, emissions were simulated
using a non-reactive trace gas with a molecular weight equalto that of NO,. To prevent bias, the data
was normed and the number of trajectories considered usingthe modelwas simply a multiple of the
normed quantity of NO,. Figure 20 depicts this normed quantity of NO, as a function of data row
number for Lufthansa flight LH859.

NOx Normed CFM56-5B2/3 Engines

N

0.8 1

0.6 -

0.4 1

NOx (%Max)

0.2

'\—\__J*—L_.__L,

0 100 200 300 400 500
FlightRadar24 Data Row Number

0.0 4

Figure 20. Normed NOx as a function of data row number. The normed data is multiplied by the maximum
number of desired trajectories in the Flexpart atmospheric transport model to eliminate bias.

The purpose of these simulations is illustrative in nature. The important point is that this method
generates new data and provides the necessary granularity and accuracy to run other associated
models. Previously, no meaningful data was available to perform successful Flexpart runs of aircraft

emissions.
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Amsterdam - Munich Oslo - Frankfurt Boston - Frankfurt

Concentrations

Dry Deposition

Wet Deposition

Figure 21. Model output from the Lagrangian atmospheric transport model, Flexpart, for the selected flights:
(left column) regional flight between Amsterdam and Munich, (middle column) continental flight from Oslo to
Frankfurt, (right column) intercontinental flight from Boston to Frankfurt. The shaded quantities are: (top row)
concentrations of a non-reactive NOy tracer, (middle row) dry deposition that occurred up to 25 hours after
completion of the flight, (bottom row) wet deposition. See also Table 9 for more details.

The top row of Figure 21 shows concentrations of anon-reactive tracer gas with the molecular weight
of NO, for the three flights of interest. The concentrations are calculated by integrating Flexpart
output data over both time and altitude to ensure an accurate two-dimensional presentation. As
expected, local wind fields significantly impact the transport of the NO, tracer.

To calculate dry deposition, Flexpart output datais integrated overtime to display all deposition that
occurs during the simulation periods. As expected, most dry deposition appears near the departure
and arrival airports. Emissions produced at cruising altitudes often remain above the Earth’s surface
forseveraldays. Emissions during ground operations and low altitude operations near airports, on the
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other hand, can easily become dry deposited. Local wind conditions and topography, along with the
height of the emission release and the length of the simulation dictate the location and amount of dry
deposition.

Wet deposition involves the scavenging of gases by clouds and precipitation [Wallace and Hobbs,
2006]. In essence, overlying precipitation entraps emitted gases as it falls to the Earth and deposits
these entrapped gasesatthe surface. To produce two dime nsional depictions, Flexpart wet deposition
data is integrated over time to ensure all deposits of this nature are included. As expected, the
depictions are dominated by areas of local area precipitation.

Of additional interest are the variations in the quantity of trace gasesas a function of altitude. Figure
22 depicts these variations for the three flights considered. The plots were obtained by integrating
Flexpart data over latitude, longitude, and time. For the flights from Amsterdam to Munich and Oslo
to Frankfurt, the grid was established between the longitudes 15°W and 35°E and the latitudes 30°N
and 80°N (18.6 km?). For Boston to Frankfurt, a grid between longitudes 80°W and 70°E and latitudes
20°N and 80°N (61.4 km?) was implemented. Forall flights, altitudes up to 25000 m were considered.
As shownin Figure 22, the majority of emissions occur at cruising altitude; however, additional local
maxima are created at altitudes associated with intermediate level offs and longer periods of ground
operations. Differences among the threeflights can be attributed to two primary factors: the duration
of the flight, and the engine type-specific fuel consumption rate.
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Figure 22. Synopsis of the vertical profiles of aviation-related NOx emissions as a function of altitude for three
flights listed in Table 9.
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4. Discussion

The method discussed above provides spatial, temporal, and quantitative information concerning a
variety of emission products resulting from jet fuel combustion. It also provides a truly bottom-up
approach for providing data forevery second of any flight. The novelty of this method is the accurate,
phase-specific fuel consumption values that it produces.

4.1 Quantitative Synopsis

The calculated amount of fuel consumed agrees with actual values obtained empirically as shown in
Figure 15. On average, calculated fuel consumption was 2.4% less than actual. The maximum
deviations for the 30 observation flights were +19.2% and —17.4%. Potential reasons for these
deviations are numerous.

4.1.1 Errors in the Estimate of Aircraft Weight

Firstly, assumptions used to calculate the aircraft weight may not always be accurate. The calculated
payload weight assumes 82.4% of all seats are occupied by passengers. This may not be the case on
every flight. Furthermore, no extra fuel is included in the fuel load calculations. Extra fuel is often
transported for avariety of financial and safety reasons; however, the fuel calculation always assumes
80 minutes of fuelin the tanks after arriving at the destination. Figure 23 shows the allowable range
for parameters used to calculate aircraft weight for an Airbus 320aircraft. The bars show the allowable
range; the filled portions of the bars indicate values calculated specifically for flight LH859.

Airbus 320 Allowable Parameter Variations

80000
70000
60000
50000
40000
30000
20000
10000

Kilograms

DOW Payload Fuel Load AC Weight

Figure 23. Allowable parameter variability. Although each parameter is listed individually, aircraft structural

limitations may limit some maximum values. For example, the DOW and the Payload comprise the aircraft’s

Zero Fuel Weight (ZFW). Each aircraft type has a maximum ZFW that must not be exceeded. Similarly, each

aircraft type has a maximum weight that could theoretically be exceeded by adding an allowable quantity of

fuel to an aircraft with a heavy ZFW. For these reasons, the range for the allowable aircraft weight is smaller
than the sum of all the components contributing to the weight.

Figure 24 is an illustration of how fuel consumption is affected by various parameters. Theoretical fuel
consumption for flight LH859 is shown four times based on one parameter being increased to its
maximum allowable value while all other parameters are held constant. The increase in fuel
consumption is depicted. The changes in fuel consumption created by reducing parameters to their
minimum value are not available due to a lack of data contained in the operating manuals. If the
aircraft weight were reduced towards its theoretical minimum (by removing all seats, restrooms, and
galleys), the aircraft’s center of gravity would become unacceptable. No data for such weights is
included in the operating manual.
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Figure 24. Calculated effect on fuel consumption for flight LH859 caused by maximizing individual parameters.

4.1.2 Errors associated with Performance Table Assumptions

An additional factor contributing to the error in fuel consumption is the performance data obtained
from various aircraft operating manuals. Although this data is very accurate, it is also based on several
assumptions that may not correspond to actual conditions. The outside air temperature (or at least
the deviation in temperature from International Standard Atmosphere (ISA) conditions) is assumed.
Where available, charts based on an ISA temperature profile were used for calculation purposes.
Otherwise, charts closest to ISA conditions were used. Furthermore, charted fuel values are based on
stipulated aircraft center of gravity positions, air conditioning settings, and anti-ice system usage.
These stipulations may not accurately representactual conditions. Nonetheless, chosen values were
selected because they are indicative of typical flight conditions.

4.1.3 Errors associated with the Phases of Flight Determination

Additional errors occur due to thrust changes and flight automation mode adjustmentsduring defined
phases of flight. For example, while taxiing for takeoff, calculated fuel flow is based on idle thrust for
all engines. In reality, engines are started one at a time, commence after a tow truck pushes the
aircraft away from the gate, and can take several minutes before all engines are operating at idle
thrust. Additionally, short applications of thrust are often necessary to initiate aircraft movement.
These deviations are not considered in fuel calculations.

During takeoff, the use of flex or derated thrust is not considered. Depending on the aircraft type,
runway conditions, and regulatory agency, takeoff thrustis not necessary for all takeoffs. Derated or
flex takeoffs (theterm depends on the aircraft type) are takeoffs performed using less than maximum
thrust. Many flights benefit from the use of derated thrust because it consumes less fuel, produces
less noise and emissions, and contributes less to potential thrust asymmetry conditions during takeoff
roll. The amount of potential thrust reduction is regulated for each aircraft type, andis also influenced
by flap setting, available runway length, runway condition, and outside air temperature. Assuming the
use of takeoff thrust overestimates fuel consumption (and the associated emission products) during
the takeoff phase.

Additional assumptions are incorporated into climb phase calculations. Climb thrustis never higher
than takeoff thrust, and therefore climb fuel flow never exceeds takeoff fuel flow. Additionally, as an
aircraft climbs it becomes lighterand the air through which it must fly less dense. Both of thesefactors
dictate that during a constant climb, the fuel flow must remain constant or decrease. Increasing fuel
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flow during a constant climb is therefore inhibited. Furthermore, because climb performance tables
report minutes and not seconds required to climb to a specific altitude, some smoothing is used to
prevent artificial spikes in fuel consumption produced by coarse data.

It is further assumed that the aircraft continues to operate at climb thrust until reaching cruising
altitude or an intermediate level off. In reality, pilots usually reduce the rate of climb 2000 ft prior to
levelling off. This reductionincreases passenger comfort and prevents unnecessary Traffic Avoidance
Collision System (TCAS) warnings. This reductionin climb rate also requires a reductionin thrust that
resultsinlowerfuelconsumption. Technically speaking, for an Airbus aircraft, the mode of automation
switches from Thrust Climb to Vertical Speed. These changesin automation are not captured by the
fuel calculation.

Further deviations occur (most notably during the cruise phase) due to the assumed airspeed at which
a flightis conducted. Different performance tables are applicable for different airspeeds. Flying slower
(closerto maximumrange) saves fueland reduces most emissions. Flying fasteris sometimes desired
or necessary, and other performance charts are applicable at these higher speeds. For this thesis, long
range cruise charts were used for the cruise phase data.

To determine the appropriate airspeed for a particular flight, many airlines now use the cost index
concept. The cost index not only considers fuel savings derived from flying slowly, but also the
operational lifetime of various aircraft components, the planned maintenance schedule, and the
expenses incurred from passengers who miss their connecting flights. After considering all these
factors, a cost index is generated, and the aircraft flies at an airspeed that minimizes the cost of the
flight for the airline. The cost index often changes during a flight, and the aircraft speeds up or slows
down accordingly.

The primary assumption during the descent phase that contributes to error is that fuel consumption
atidle thrustis the same in flight as it is on the ground. In fact, it differs as a function of altitude, center
of gravity, and the use of de-icing systems. Fuel flow rates for idle thrust in flight are slightly higher
than rates on the ground and therefore underestimate the amount of fuel consumption during the
descent.

Considering fuel consumption rates during different phases of flight, the approach phase is by far the
most variable. Airport restrictions, traffic constraints, and pilot techniques all contribute to this
variability. Charted values exist for planning purposes, and these are the values used in the fuel
calculation.

The aforementioned errors contribute to variations in the amount of calculated fuel combustion. Once
this calculation is performed, the quantitiesof primary products resulting from this combustion is well
established. Primary combustion products do not vary with the phase of flight. They are simply linear
transformations of the amount of jet fuel consumed. For flight LH859, 4340 kg of jet fuel was
consumed. Simple multiplication showsthat 13715 kg of carbon dioxide and 5382 kg of water vapor
were produced by this combustion. In this thesis, it is assumed that 1 kg of jet fuel consumption
produces 3.16 kg carbon dioxide and 1.24 kg of water vapor.

For trace gases, three additional errors are introduced during the transformation from fuel consumed
to emission products. The first is that emissions are based on laboratory testing conducted at ground
level. Atcruise altitude, the temperature, pressure, and atmosphericcomposition differ from ground-
based values. The potential effect these parameters have on emissions products is outside of the
scope of this study. Secondly, taxiing to and from the runway is included in the emissions profile.
Previous efforts used for comparison and validation start at takeoff and end at landing. Assuming the
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same fuel consumption, the calculated values for this study should indicate lower high -thrust emission
products such as NO, and higher low-thrust emissions such as CO and HC. Although not necessarily

the cause, this trend is indeed the case as shown in Table 11.

Emission Products formed from the Combustion of 1000 grams of Jet Fuel
Combustion Product LH859 Lee etal. (2010) | Dickson (2015) Wilkerson (2010)
Carbon Dioxide (CO,) 3160 3100 - 3220 3160 3155

Water Vapor (H,0) 1240 1240 1290 1237
Oxides of Nitrogen (NO,) 11.74 12 -17 15 14.1-14.5
Carbon Monoxide (CO) 7.44 2-3 <0.6 2.57-3.61

Hydrocarbons (HC) 0.40 0.1-0.6 <0.01 0.350

Table 11. A comparison between calculated emission products from flight LH859 and other efforts designed to
calculate, estimate, or measure emission products resulting in the combustion of 1000 grams of jet fuel. All
values depicted are in grams.

Lastly, a new Emissions Index (El) was defined to transform cruise fuel consumption into emissions
products. Depending on the aircraft type, cruise thrust is between 20% - 30% of takeoff thrust. For
this thesis, cruise thrustis defined as 25% takeoff thrust. Ground based testing provides Els for 7% and
30% thrust. The new cruise Els were obtained using linear interpolation. Figure 25 shows a graphical
depiction of the Els for NO,, CO, and HC for a CFM56-5B2/3 engine.

Emission Indexes for NOx, CO, and HC
35
30
25
20

15

Emissions Index

10 }
5 / :
0 10 20 30 40 50 60 70 80 90 100

Percent Thrust

—@— Oxides of Nitrogen (NOx) Carbon Monoxide (CO) Hydrocarbons (HC)

Figure 25. Emissions Indexes for selected Emissions as a function of Thrust. The values at 7%, 30%, 75%, and
100% are determined experimentally using ground-based testing and are engine specific. The values at 25%
are determined using linear regression.

4.2 Varying Aircraft Type

Of potential interestis the variation in emissions produced by operating a different aircraft type.
Figure 26 shows the changes in calculated fuel consumption assuming the exact route and vertical
profile had been flown by a different short-range aircraft. For comparison purposes, the Airbus 319,
320 Neo, 321, and 321 Neo are shown. The blue bars indicate the variations assumingthe Passenger
Load Factor remains at 82.4%. In this case, smaller aircraft like the Airbus 319 would transportfewer
passengers and larger aircraft like the Airbus 321, more. The orange bars show the variation in fuel
consumption assuming the number of passengers is fixed and simply another aircraft type is flown.
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Figure 26. Variations in fuel consumption resulting from altering aircraft type. Blue bars indicate variations
assuming a PLF of 82.4% is maintained and more passengers are transported by larger aircraft. Orange bars
assume the number of passengers remains unchanged at 126.
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5. Summary and Future Developments

In the foreseeable future, the aviation industry will continue to grow. Even though technological
innovations and procedural improvements will result in flying more efficiently, jet fuel consumption
will continue to increase. Much of this combustion will occur in the upper troposphere and lower
stratosphere where temperature, pressure, and atmospheric constituents differ significantly from
those at the surface. These differences make aviation-related emissions unique and worth further
investigation.

Jet fuel combustion results in a variety of emission products that affect health and contribute to
anthropogenic climate change. Many processes associated with these emissions are very complex,
andseveralare still poorly understood. The focus of this study is relatively narrow in scope. Compared
with several previous efforts that have attempted to highlight aviation’s impact on radiative forcing,
this effort focuses on constructing a method to provide accurate fuel consumption data that can be
used for a variety of scientific and regulatory purposes. To illustrate the usefulness of this newly
constructed database, information derived from this method was used to drive the Flexpart
atmospheric transport model.

The method relies on the use of transponder transmissions, open-source databases, and aircraft
operating manuals to provide accurate fuel consumption data for every second of any flight.
Automated analysis of transponder raw datais also used to determine the appropriate phases of flight
and eliminate the unrealistic requirementto assume a constant climb, cruise, and descent. The high-
resolution data provided by the method creates options and applications that were not previously
possible. The Flexpart model runs conducted are one such example.

Many potential future developments exist. The most obvious is the construction of a method that
analyzes all flights and produces a global database for aircraft emissions. To realize this extension,
additional commercial and open-source databases must be queried to maximize the number of flights
considered. The Python script used to analyze the associated raw data must be very robust and
accountfortranspondererrors, erroneous and missing data, and infrequentflight operations including
go-arounds, diversions, and emergencies. Additional performance data, notably temperature and
speed related derivatives, could reduce assumptions and potential error. Finally, the atmospheric
conditions at altitude and their related effects on emissions need to be considered.

Anotherinteresting pursuit deals with contrail production. One reason contrails develop is that the air
through which the aircraft flies isn’t initially saturated with respect to water vapor. The water vapor
produced by jet fuelcombustion saturates the air locally and a contrail is created. As the watervapor
disperses, the region again becomes unsaturated, and the contrail disappears. Lufthansa and the
German Weather Service (DWD) are currently collaborating and measuring actual air humidity at
altitude by using an air humidity sensor onboard an Airbus 319 aircraft (D-AILD). If visual observations
of the exhaust plume are possible (via satellite or a ground-based camera) the length of the contrail
and the speed of the aircraft could be used to verify water vapor production quantities and validate
the fuel consumption calculations. Once this method is validated, imagery of other contrails from
other aircraft (over the Atlantic Ocean for example) could then be measured and used to provide
feedback to weather forecasting agencies concerning the atmospheric humidity currently assumed in
the weather model.
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Appendix 1

Detailed Methodology for Calculating Aircraft Emissions
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Appendix 2

ICAO ENGINE EXHAUST EMISSIONS DATA SHEET

SUBSONIC ENGINES

Lofi |

This document was prepared on 22/01/2021
Check website for latest version
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Appendix 3
Flight Data

Departure from: Oslo, Norway
Departure Airport IATA Identifier: OSL
Date of Departure: 85.66.20823

Time of Departure: 87:53:31 UTC

Destination: Frankfurt, Germany
Destination Airport IATA Identifier: FRA
Date of Arrival: 05.06.2023

Time of Arrival: ©9:50:48 UTC

Total Flight Time: 01:57:17
ICAO Aircraft Callsign: DLHOYE
IATA Flight Identifier: LHB859

Aircraft Data

ICAO Aircraft Type Identifier: A320
Registration: D-AIQW
Transponder Code: 3c6637

Type of Engines: CFM56-5B84/P SAC
Number of Engines: 2

Performance Table Source Aircraft: A320

Weight Estimation Data

Estimated Aircraft Weight (kg): 62851
Dry Operating Weight (kg): 42600

Payload (kg): 12366
Passenger Load Factor: 0.824
Average Passenger Weight including Baggage (kg): 160
Number of Seats: 150

Fuel Load (kg): 7891
Flight Time (hh:mm:ss): 1:57:17
Approximate Fuel Flow (kg/hr): 2400
Fuel remaining in Tanks at Destination (min): 80

Fuel Consumption and Aircraft Emissions Data

Estimated Jet Fuel Consumed (kg): 4340

Fuel Consumption Rate (kg/hr): 2220

Estimated Carbon Dioxide (C02) Produced (kg): 13715
Estimated Water Vapor (H20) Produced (kg): 5338
Estimated Nitrous Oxides (NOx) Produced (grams): 68239
Estimated Hydrocarbons (HC) Produced (grams): 897
Estimated Carbon Monoxide (CO) Produced (grams): 14741
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Appendix 4

Loadsheet

LS02 LH332/30 DAIZN FRA VCE

DOW 43141 DOI 22.35
LOAD 10215 UNDLD 7644
ZEW 53356 MAX 61000 L
TOF 5800

TOW 59156 MAX 73500
TIF 2753

LAW 56403 MAX 64500

LIZFW 38.01 LIMITS 22.65/55.69
LITOW 35.02 LIMITS 21.33/61.38

ZFCG 29.01 TOCG 26.35 TRIM 0.5UP

NON-STANDARD BLOCK FUEL DISTRIBUTION

CENTER 0
INNER 6000
OUTER 0
CREW 2/4

VERSION C12 M150

PAX ACT C1 M100
TOTAL 100/1/0

SEATROW TRIM

LOAD ACT
1/241 3/825 4/397 5/66 0/0
INCL IN DOW

WATER 200 —0.5

SOB 107
END
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