Past, present, and future climate impacts of aviation

by
Carla Grobler
B.Eng., University of Pretoria (2013)
B.Eng. (Hons), University of Pretoria (2014)

M.Eng., University of Pretoria (2016)
M.Sc., Massachusetts Institute of Technology (2023)

Submitted to the Department of Aeronautics and Astronautics
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Aeronautics and Astronautics
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 2024

© 2024 Carla Grobler. All rights reserved.

The author hereby grants to MIT a nonexclusive, worldwide, irrevocable, royalty-free
license to exercise any and all rights under copyright, including to reproduce, preserve,
distribute and publicly display copies of the thesis, or release the thesis under an open-

access license.

Authored by:  Carla Grobler

Certified by:

Certified by:

Certified by:

Certified by:

Department of Aeronautics and Astronautics
December 13, 2023

Steven R.H. Barrett
Professor of Aeronautics and Astronautics,
Thesis Supervisor

Ronald G. Prinn
Professor of Earth, Atmospheric, and Planetary Sciences,
Committee Member

Irene C. Dedoussi
Associate Professor, Faculty of Aerospace Engineering, TU Delft
Committee Member

Florian Allroggen
Research Scientist, Aeronautics and Astronautics
Committee Member

Accepted by:  Jonathan P. How

Professor of Aeronautics and Astronautics
Chair, Graduate Program Committee



Abstract

Past, present, and future climate impacts of aviation
By
Carla Grobler

Submitted to the Department of Aeronautics and Astronautics
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Aeronautics and Astronautics
at the Massachusetts Institute of Technology

Thesis supervisor: Steven R.H. Barrett
Title: Professor of Aeronautics and Astronautics

Abstract

Commercial aviation is one of the hardest-to-decarbonize contributors to climate change and
accounts for approximately 5% of anthropogenic radiative forcing due to its CO2 and non-CO2
emissions. As the industry grows faster than its efficiency improvements, aligning its growth with
international climate goals becomes increasingly urgent and challenging. To enable data-driven
decision-making, this thesis investigates aviation’s historical emissions, present-day climate
impacts, current damages due to marginal emission changes, and potential pathways to reach net-
zero climate impacts by 2050.

First, the research develops a consistent bottom-up emissions inventory for commercial civil
passenger aviation from 1980-2019, quantifying how emissions patterns such as spatial, temporal,
and compositional characteristics have varied over time. Results show that, while fuel
consumption increased by 330%, capacity, measured as available seat miles, grew by 560%. This
growth has been regionally heterogeneous, with the emissions share over Asia growing from 7%
to 23%, while emissions share over North America decreased from 55% to 25%. Over this time,
the share of nighttime fuel consumption increased from 30% to 38%, due to an increase in aircraft
utilization. Additionally, there has been a shift in the emissions composition, with the nitrogen
oxides (NOx) emissions index increasing by 20%, while the non-volatile particulate emissions
index decreased by 70%.

Second, this thesis quantifies aviation’s present-day climate effects using the bottom-up emissions
inventory described above. Since contrails are responsible for an estimated 57% of aviation’s
effective radiative forcing, we place a particular focus on modeling contrails. Using a medium-
fidelity aircraft plume model and ERAS reanalysis weather data, our results indicate that contrail



impacts increased by 460% from 1980 to 2019, outpacing growth in annual fuel consumption. Per
flight distance, contrail impacts varied less than 10% over this time. However, underlying drivers
did not remain constant. The fraction of flight segments that cause contrails increased by 32%,
while the radiative forcing per distance of contrail decreased by 24%. We additionally quantify for
the first time how different assumptions regarding the treatment of contrails mixing with ambient
air could change their lifetime by a factor of three.

Third, this thesis calculates the impacts of marginal changes in aviation emissions on climate and
air quality, supporting cost-benefit analyses of emissions interventions. Climate and air quality
impacts are monetized on a per unit emissions basis, using a simplified climate model and
sensitivities from the GEOS-Chem global chemistry-transport model. We find that cruise
emissions account for 90% of impacts per fuel unit, with 49-81% arising from air quality effects
depending on the discount rate. Collectively NOx, CO2, and contrails cause 97% of the total impact.
By estimating the first-order contribution to variance we find that the equilibrium climate
sensitivity, climate damage function, and value of statistical life contribute to the greatest
uncertainty in outputs.

Finally, we evaluate pathways through which alternative energy carriers and avoidance of non-
CO2 impacts could lead aviation towards net-zero climate impacts by the year 2050. We consider
the alternative energy carriers: synthetic fuels from biomass; synthetic fuels from green hydrogen
and atmospheric COz2; and the direct use of green liquid hydrogen. We also perform a meta-analysis
to evaluate how these alternative fuels could affect the non-CO2 impacts and how contrails can be
avoided through small scale adjustments in flight altitude. We find that 50% of fleet-wide contrail
length can be avoided for a 0.88% fleet-wide fuel burn penalty (5" to 95% percentile range 0 to
2.51). Thereafter avoiding subsequent contrails becomes more fuel costly, with an additional 20%
avoidance requiring double the additional fuel. Together with continued efficiency gains, and
assuming 50% avoidance of contrails, such an energy transition could reduce annual lifecycle
aviation COz emissions by 89-94% compared to year-2019 levels, despite a 2-3-fold growth in
demand by 2050. If these costs were passed directly on to passengers, ticket prices would rise by
no more than 15% compared to a no-intervention baseline. However, the pathways we identify
reduce aviation COz-equivalent emissions by 46-69% only; more action is required to mitigate
non-CO2 impacts.

Collectively, this thesis provides perspective into aviation’s past, present, and future climate
impacts. These results indicate substantial growth and impacts over the past 40 years, and highlight
COz2 and contrails as the largest contributors. Though, through sustained investment in alternative
fuels, and contrail avoidance measures, our results also indicate, future mitigation is possible.
However, to meet the global climate goal of net zero emissions by 2050, the transition needs to
start now.
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Chapter 1

Introduction

In today’s interconnected world, aviation has evolved into an indispensable component of the
global economy. Estimated to contribute 65.5 million jobs, and 3.6% of global gross domestic
product in 2016 (ATAG, 2018; ICAO, 2019), aviation facilitates trade and enables swift mobility

for millions of people, as well as rapid transportation of goods across the world.

While a precious commodity, aviation is responsible for emissions that cause adverse impacts on
the environment, with the industry accounting for 2.4% of global annual anthropogenic CO2
emissions and influencing the climate through a variety of non-CO: forcing pathways (Brasseur et
al., 2016; Lee et al., 2020). Collectively, these non-CO: climate impacts are estimated to triple
aviation’s effective radiative forcing, where effective radiative forcing is a measure of the net

energy balance change at the top of the atmosphere (Lee et al., 2020). These non-CO2 pathways



include a direct black carbon warming impact, a direct high-altitude water vapor warming impact,
a semi-direct fuel sulfur cooling impact, and a set of multi-scale indirect impacts of mixed sign
resulting from oxides of nitrogen (NOx) emissions. The indirect NOx impacts include the short-
term formation of nitrate aerosol (cooling) and production of tropospheric ozone (warming),
which, in turn, leads to an increase in OH radical concentrations, and a consequent reduction in
atmospheric methane concentrations (cooling), and subsequent reduction in tropospheric ozone
(cooling) and stratospheric water vapor (cooling) (Wild et al., 2001). Finally, aviation emissions
also cause condensation trails (contrails), artificial line-shaped clouds that form in the wake of an
aircraft under sufficiently cold and moist atmospheric conditions. If contrails persist for more than
a few hours, they spread, absorbing water vapor from the atmosphere, thus becoming
indistinguishable from natural cirrus clouds. Notably, of these non-CO: impacts, the most
significant is associated with contrails, which are estimated to account for double the effective
radiative forcing of aviation’s cumulative CO2 emissions (Lee et al., 2020). The impacts of these
emissions differ from other industries, since ~90% of the fuel burn occurs in the cruise flight phase

at high altitudes (Simone et al., 2013).

Collectively, these adverse climate effects raise significant concerns among environmental
scientists, policymakers, and the aviation industry itself. The unique challenge stems from the
inherently difficult nature of decarbonizing the aviation sector, characterized by weight constraints
and the complex array of non-COz forcing pathways. Moreover, due to the industry's substantial
investments in long-lived assets and high-cost infrastructure, today’s decisions regarding

investments and technology will have far-reaching consequences for future emissions.



Decarbonization of the aviation sector demands not only a thorough understanding of historical
emissions and their current consequences but also the identification of the range of potential

future energy and technological pathways that align with these global climate objectives.

1.1. Current knowledge and research needs

Though previous studies have investigated facets of this challenge, key knowledge gaps remain in
the understanding of past emissions, present impacts, and future pathways for aviation to

decarbonize.

1.1.1. Research need: Trends in aviation emissions since the start of the jet age

Accurately capturing how aviation's emissions have evolved since the start of the jet age is
essential for understanding this pressing problem. Its importance is threefold. Firstly, quantifying
these emissions is crucial for quantifying the present-day climate impacts of aviation. Such a time
horizon is critical given that aviation emissions continue to impact the climate for decades to
centuries, through long-lived climate forcers, such as CO2 and methane, in addition to producing
long-lived changes in global surface temperature. Secondly, without accurate records of past
emissions, interpreting observed or modeled changes and calibrating models becomes challenging.
Third, understanding these emissions is instrumental in forecasting future emission trends, which
would enable informed mitigation strategies and policy development to tackle these climate

problems.



However, a consistent bottom-up emissions inventory commencing with the jet age is unavailable.
As such, estimates of aviation’s non-COz impacts remain approximate. One significant obstacle in
deriving an accurate historic emissions inventory for aviation is the fragmentation of historical
data sources. Emissions inventories have been developed focusing on specific years and/or periods
of aviation emissions, including: studies by NASA and Boeing focusing on years 1976-1999
(Baughcum et al., 1996b, 1996a; Sutkus et al., 2001) AERO2K for the year 2002; emissions
inventories from the U.S. Federal Aviation Administration’s (FAA) Aviation Environmental
Design Tool (AEDT) covering 2005 to 2015 (Wilkerson et al., 2010) a recent emissions inventory
by Quadros et al. (2022) for 2017 to 2020; as well as a high resolution emissions inventory derived
using ADS-B data by Teoh et al. (2023). While these studies are valuable for studying certain
timeframes, they face the challenge of varying assumptions and methodologies across different
research efforts. This inconsistency inhibits the ability to create a cohesive historical emissions
inventory with consistent trends. Additionally, for periods preceding 2005, these studies often
focus on a limited set of emissions species, excluding critical factors such as non-volatile
particulate matter (nvPM) emissions and their climate impacts. As such, this precludes estimates

of contrail impacts, which are a major climate forcer.

To gain a comprehensive understanding of cumulative climate impacts, calibrate present-day
observations and models, and provide a solid foundation for future projections, the derivation of a

consistent, bottom-up emissions inventory spanning the jet age is a necessity.



1.1.2. Research need: Accumulated present-day climate impacts of aviation

Understanding how these emissions since the start of the jet age have contributed to aviation’s
climate impacts is essential for guiding future strategies. Firstly, evaluating the current and future
climate effects due to the past emissions can aid in determining the remaining emissions allowance
to meet different climate targets. Secondly, discerning which emissions trends have influenced
climate impacts aids in forecasting future climate effects and directing appropriate strategies.
Moreover, knowing the relative magnitudes of the different forcing pathways highlights which

emission types or pathways warrant concentrated research and mitigation attention.

While some studies have sought to estimate aviation’s cumulative climate impacts, their methods
have limitations. One prevalent method is the global fuel burn or emissions scaling approach as
applied in recent studies aiming to quantify aviation’s cumulative climate impacts (Klower et al.,
2021; Lee et al., 2020). However, this method does not account for or inform how the evolving
spatial, temporal, and compositional nature of emissions have affected the subsequent climate

impacts over time.

Contrail impacts are especially sensitive to such differences in emissions characteristics. Changes
in the emissions region can affect contrail impacts by up to a factor of two (Lund et al., 2017a).
The altitude of emissions is also important, with a 6000 ft change in cruise altitude leading to 10-
50% change in subsequent radiative forcing (Fichter et al., 2005; Fromming et al., 2012; Grewe et
al., 2017a). Additionally, the season of emissions can affect the subsequent impacts by up to a
factor of two to five (Stuber et al., 2006; Yin et al., 2018) and emissions composition, such as a 50
to 90% change in particle number emissions, can affect the subsequent climate impacts by 20 to

90% (Burkhardt et al., 2018; Caiazzo et al., 2017; Teoh et al., 2020).
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1.1.3. Research need: Evaluation of trade-offs of present-day emissions

interventions

To rapidly identify avenues for reducing aviation’s atmospheric impacts, and target the emissions
species with the largest impacts, decision makers require a method to rapidly evaluate the benefits
and trade-offs of present-day emissions changes. However, evaluating these emissions benefits

and emissions trade-offs remains complex.

Firstly, comparison difficulties arise due to a mismatch in climate impact time scales between the
different emissions species. While emitted CO2 remains in the atmosphere for decades to centuries
after it is emitted (Solomon et al., 2010), the non-CO: aviation-related forcers, manifest their

climate effects over shorter periods—typically a few days to decades.

Adding to the complexity, aviation emissions also have an adverse impact on air quality. The
industry is estimated to cause 16,000 to 24,000 premature mortalities annually through population
exposure to fine particulate matter and ozone (Eastham and Barrett, 2016; Prashanth et al., 2022;
Quadros et al., 2020). These climate and air quality trade-offs are complex to consider, since global
temperature change, and change in mortalities are not on the same basis and cannot easily be
compared. Moreover, design or policy decisions that might decrease emissions of a species that
leads to high climate impacts, such as CO2, might lead to changes in emissions of a species, such
as NOx, that lead to air quality impacts (Lefebvre, 1983; Lieuwen and Yang, 2013; Miller et al.,

2022).

To evaluate these trade-offs, various metrics have been published. However, these metrics either:

only accounted for the climate impacts and did not evaluate air quality (Fuglestvedt et al., 2010);



are designed for primarily non-aviation emissions (Berk et al., 2006; Driscoll et al., 2015; Shindell
et al., 2016); or do not include cruise emissions, which make up ~90% of aviation’s fuel burn

(Dorbian et al., 2011).

Therefore, to facilitate rapid evaluation of emissions interventions, consistent metrics are
necessary that quantify both climate and air quality impacts on a common basis for changes in

each of the different emissions species.

1.1.4. Research need: Pathway for aviation to reach net zero climate impacts

by 2050

Achieving the goal of the Paris climate agreement is a global priority. This agreement strives to
cap global warming at 1.5 °C above preindustrial times (UNFCCC, 2017). Research indicates that
without considering negative emissions, every sector must neutralize its climate impacts by 2050

(United Nations, 2023).

This goal is particularly challenging for aviation, a sector with high projected growth, long-lived
assets, no commercially available, scalable carbon-neutral technology, and non-CO: climate

impacts on the same order of magnitude as its CO2 impacts.

Various studies have investigated energy and CO2 pathways for aviation to reach net zero CO2
emissions (Girod et al., 2012; Gossling et al., 2021; Grewe et al., 2021; IEA, 2021, 2019; Kar et
al., 2009; Leipold et al., 2021; Schéfer et al., 2015; Sharmina et al., 2021; US Government, 2015;

van der Sman et al., 2021). However, most of these studies explore limited (regional scopes



(Hassan et al., 2018; Schifer et al., 2015; US Government, 2015; van der Sman et al., 2021);
exclude non-drop-in fuels, such as hydrogen (Girod et al., 2012; Gossling et al., 2021; Grewe et
al., 2021; IEA, 2021, 2019; Kar et al., 2009; Leipold et al., 2021; Schéfer et al., 2015; Sharmina et
al., 2021; US Government, 2015; van der Sman et al., 2021); do not examine transition costs (Kar
et al., 2009; Leipold et al., 2021); or do not quantify non-CO2 impacts (Girod et al., 2012; Gossling
et al., 2021; IEA, 2021; Kar et al., 2009; Schifer et al., 2015; Sharmina et al., 2021; US
Government, 2015; van der Sman et al., 2021). Additionally, none of these studies included
measures to avoid the non-CO:2 impacts of aviation, such as contrails, thereby neglecting

approximately half of aviation’s warming impacts.

As such, for aviation to meet the goals set out by the Paris agreement, cost, energy, and emissions
pathways need to be identified that account for both the alternative energy options, as well as

avoidance of the non-CO2 impacts.

1.2. Thesis contributions and organization

Bridging these gaps is critical to inform effective policies and investments that align aviation's
growth with global climate objectives. This thesis aims to address these gaps by analyzing

aviation's past, present, and future climate impacts to support informed mitigation efforts.

Chapter 2 presents the first bottom-up emissions inventory for commercial civil passenger
aviation spanning the jet age from 1980 to 2019. The inventory is derived with consistent

assumptions, allowing emissions trends to be investigated. These trends include regional changes



in emissions, altitude of emissions, seasonality, hourly trends, and emissions composition. This
work enables the first quantification of aviation’s cumulative present day climate impacts, and

investigation of how these climate impacts have varied over time.

Chapter 3 quantifies, for the first time, the present-day cumulative climate impacts due to aviation
emissions, while accounting for changes in the aircraft fleet, global distribution of traffic, and
meteorology over time. An in-depth quantification of contrail impacts is presented using a medium
fidelity aircraft plume model, which simulates the contrail formation, persistence, and evaporation
while keeping track of particle sizes. Using these results, we show how contrail formation and

subsequent effects have varied over time, and which factors have contributed to these variations.

Chapter 4 presents a quantification of the climate and air quality impacts of a marginal unit of
aviation emissions, for present-day emissions patterns. This work provides insights into which
aviation emissions species lead to the highest climate and air quality damages. Presented on a
consistent basis for climate and air quality, these results can be used as decision tool to rapidly
evaluate both climate and air quality impacts of emissions trade-offs. Furthermore, since we

present these impacts on a cost basis, these results facilitate rational decision making.

Chapter 5 focuses on how the aviation industry could mitigate these impacts by presenting the
costs and emissions for various energy pathways as aviation aims to reach net zero climate impacts
by 2050. We explicitly quantify non-CO2 impacts, and potential costs and benefits of contrail
avoidance. This work was done with collaborators, including Lynnette Dray who led the pathway
analysis of the aviation system, Andreas W. Schifer, Christoph Falter, Florian Allroggen who

investigated the fuel costs and availability, and together with Marc E.J. Stettler, my role was to



lead the quantification of contrail avoidance, and quantify the climate impacts of the various

pathways.

Each chapter includes its own introductory statement, literature review, methods and results
sections, and chapter conclusions. Each chapter also discusses how these results can be used by

decisions makers to enable mitigation of future emissions and impacts.

As the aviation industry seeks to align with global climate goals, this thesis provides timely
insights to inform these mitigation efforts. By quantifying historical emissions, current impacts,
and future solutions, the research profiles aviation's climate footprint, and options to reduce it.
Though uncertainties remain, the findings directly support policies and investments needed to cost-

effectively decarbonize aviation by 2050.
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Chapter 2

Emissions inventory for
commercial civil aviation
spanning the jet age from 1980
to 2019

2.1. Introduction

Aviation emissions since the start of the jet age continue to cause present-day climate impacts
through CO2 and non-CO:2 impacts (Grobler et al., 2019; Lee et al., 2020). These emissions are
estimated to account for 3.5% of present-day global anthropogenic effective radiative forcing (Lee

et al., 2020). In addition, aviation emissions cause adverse global air quality through the production
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of fine particulate matter and ozone, leading to an estimated 16,000 to 24,000 premature mortalities

annually (Eastham and Barrett, 2016; Prashanth et al., 2022; Quadros et al., 2020).

These impacts are sensitive to the emissions characteristics, including the emissions region,
altitude, season, and composition. For example, Lund et al. (2017a) found a factor two increase in
the global surface temperature change depending on the region of aviation emissions. Gilmore et
al. (2013) found global ozone production attributable to aviation emissions varies by up to a factor
five depending on the location and season of the emissions. Contrails impacts, which are
responsible for 57% of aviation’s effective radiative forcing (Lee et al. 2020), could be affected
by soot emissions per unit fuel burn, with sources indicating a 73-80% reduction in particle number
emissions could lead to a 45-82% reduction in contrail impacts (Burkhardt et al., 2018; Teoh et
al., 2020). Furthermore, impacts have been shown to be sensitive to altitude of emissions, with
contrails RF decreasing by 45% for a 6000 ft reduction in cruise altitude (Fichter et al., 2005) and
NOx related warming by to change by 40% for a uniform 2000 ft increase or decrease in cruise

altitude (Sevde et al., 2014).

Current studies suggest the spatial-temporal pattern of aviation emissions have changed over time,
with present day aircraft being more efficient, cruising at different altitudes, and leading to a
different emissions composition. In addition, global emissions patterns have changed with aviation
traffic growth in East Asia outpacing growth in the rest of the world by 40 percentage points over

the last 20 years (ICAO, 2020).

These emissions not only affect climate impacts in the past, but also affect the present-day and

future climate and air quality impacts, since these impacts continue to propagate over years to
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decades through their impact on global surface temperature and changes in global surface ozone

(Cameron et al., 2017; Klower et al., 2021; Yim et al., 2015).

Current estimates of present-day climate and air quality impacts rely on bottom-up emissions
inventories from single years of aviation emissions (Brasseur et al., 2016; Cameron et al., 2017;
Sevde et al., 2014). These emissions inventories include: the NASA-Boeing inventory for years
1979-1999 (Baughcum et al., 1996b, 1996a; Sutkus et al., 2001); AERO2K, which is based on the
year 2002 (Eurocontrol, 2003); AEIC for 2006 (Simone et al., 2013); emissions inventories from
the U.S. Federal Aviation Administration’s (FAA) Aviation Environmental Design Tool (AEDT)
covering 2005 to 2015 (Wilkerson et al., 2010); a recent emissions inventory by Quadros et al.
(2022) for 2017 to 2020; as well as a high resolution emissions inventory derived using ADS-B
data by Teoh et al. (2023). However, since these emissions inventories only focus on specific
emissions years, and the studies do not have consistent assumptions, these studies do not inform
how emissions location, time or compositions have changed over time. In addition, only more
recent emissions inventories have included estimates of non-volatile Particulate Matter (nvPM),
thereby limiting their usefulness for studying contrails over time. As such, present day
quantifications of aviation’s cumulative climate impacts have been limited to global fuel or

emissions scaling approaches (Klower et al., 2021; Lee et al., 2020).

In this chapter, we derive the first bottom-up emissions inventory for global commercial civil
passenger aviation spanning the jet age from 1980 to present day. This inventory will capture
differences in region, altitude, time of day, season, and chemical composition of the emissions

over this time span. As such, we will obtain insights into how changes in regional traffic, fleet

23



composition as well as aircraft and engine design have changed the significance of pathways

through which aviation impacts the climate and air quality.

2.2. Methods

2.2.1. Methods overview

We derive the bottom-up emissions inventory using aviation schedule data to identify aircraft
traffic patterns (Section 2.2.2). This traffic data is combined with aircraft performance data, to
derive fuel burn, and emissions locations, using great circle routes (Section 2.2.3). Finally, a
description of how carbon dioxide (COz), water vapor (H20), oxides of nitrogen (NOx), oxides of
sulfur (SOx), carbon monoxide (CO), hydrocarbon (HC), and non-volatile particulate matter

(nvPM) emissions quantities are derived is presented (Section 2.2.3).

2.2.2. Aviation schedule data

To compile our bottom-up emissions inventory, aviation traffic data is obtained from the Official
Airline Guide (OAGQG), in the form of global schedule data. For the timeframe 1980-2010, this data
is obtained on a 5-year frequency. From 2013-2019, this data is on an annual frequency. Given the
sparsity of coverage of OAG data for freight, we focus this study on passenger flights, and only

include flights from the OAG data that carry passengers or a mix of passengers and freight.

In 1980, this data includes 110 unique aircraft types, and 4163 unique airports globally. By 2019,

the number of unique aircraft types has expanded to 191, and 4163 airports are included. Fields
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used in this thesis include departure and arrival airports, local time of departure and arrival, flight

time, flight distance, number of seats, aircraft type, and operating carrier.

The schedule data is cleaned to remove duplicate flights. This includes the removal of duplicates
due to code-share agreements, and the removal of multileg flights since these flights are also
included in the data as individual flights. After cleaning, the data includes 14.2 million departures
in 1980, and 38.7 million in 2019, with totals differing less than 1% from passenger flight industry
statistics provided by the International Civil Aviation Organization (ICAO) for the year 2019

(ICAO, 2020).

To ensure emissions times are accurately captured, departure and arrival times are converted from
local times, as listed in the OAG schedule data, to Coordinated Universal Time (UTC) time using
the python library pytz (Bishop, 2022). This library provides time zone offsets for all global
locations, for any user specified date, thereby accounting for changes in time zones over time, such

as any advent or termination in daylight savings time.

Using schedule data provides a consistent data source spanning the full period from 1980-2019.
However, this approach does not capture real-time flight changes such as last-minute cancellations
or delays. Furthermore, the OAG data likely omits some charter flights, which may have comprised
a notable share of European operations during the mid-1990s. The OAG data availability and
coverage also varies for certain regions and time periods. For example, flight records might be
limited for the Soviet Union prior to its dissolution in 1991. While these factors introduce
uncertainties, schedule data enables a long-term perspective unmatched by other data sources. The
targeted inclusion of charter and other supplemental flight data could reduce coverage gaps in

future work.
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2.2.3. Fuel burn and emissions quantification

Fuel burn and emissions are quantified using the Aviation Emissions Inventory Code (AEIC)
(Simone et al., 2013). This model integrates the OAG aircraft schedule data with aircraft
performance data and airport locations to quantify fuel burn and subsequent emissions. A full
model description is available in Simone et al. (2013) and a model overview, including model

updates made during this thesis, is provided here.

For the cruise flight phase, here taken as the flight portion above 3000 ft, the Eurocontrol Base of
Aircraft Data (BADA) version 3.16 is applied to quantify aircraft performance and fuel burn
(Eurocontrol, 2022). This version comprises 264 unique aircraft, with an additional 1568 aircraft
modeled using surrogates. Fuel burn for the landing and take-off (LTO) flight phase, here defined
as the flight potion below 3000 ft, is determined using ground-level fuel burn data from the ICAO
Aircraft Engine Emissions Databank (EDB) (ICAO, 2022), in conjunction with times-in-mode

(TIM) as described in Stettler et al. (2011).

Emissions quantities of CO2 and water vapor are directly correlated to fuel burn. They are
quantified using emission indices of 3.159 kgcoa/kgmel and 1.231 kgmo/kguel, respectively as
based on the chemical composition of Jet-A (Barrett et al., 2010b; Hileman et al., 2010). Sulfur
emissions are contingent on the fuel sulfur content and are assumed at a concentration of 600 ppm,

in alignment with the findings of Hileman, Stratton, and Donohoo, (2010).

Engine parameters and operating conditions affect emissions of NOx, CO, HC, nvPM. As such,
ground level measurements, for each different engine, at various thrust settings, is used as reported

in the EDB (ICAO, 2022).
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During the LTO flight phase, emissions indices at various engine thrust settings are directly
available from the EDB for NOx, CO, and HC. Direct measurements of nvPM mass and number
emissions in the EDB are limited to more recent engines. For older engines, the EDB only reports
SMOKE numbers, a metric indicating the change in reflectance of a filter paper after engine
exhaust gas has passed through (ICAO, 2008). When available, direct measurements from the EDB
are applied. In cases where only SMOKE numbers exist, nvPM mass and number emissions are
derived using the Smoke Correlation for Particle Emissions - CAEP11 (SCOPE11) method

(Agarwal et al., 2019).

For the cruise flight phase, the emissions measurements of NOx, CO, HC, are adapted to cruise
altitude by leveraging the Boeing Fuel Flow Method 2 (Baughcum et al., 1996b). For cruise
emissions of nvPM, values from the EDB, either from SMOKE or direct measurements, are
adjusted for cruise altitude, implementing the Doppelheuer-Lecht adjustment and the SCOPEI11
correlation (Ahrens et al., 2022). We note that the Doppelheuer-Lecht altitude adjustment remains
uncertain, and Peck et al. (2013) found these emissions can differ from measurements by up to

55.5%.

The OAG schedule data includes 110 unique aircraft types in 1980 and 191 unique aircraft in 2019.
However, some of these aircraft types included in the OAG data represent several subtypes with
diverse engine options, which can influence the emissions quantities of NOx and nvPM by factors
of 1.5 and 10, respectively (Quadros et al., 2022). To enhance the accuracy of emission
representation for aircraft with multiple engine combinations, the schedule file is augmented to
represent aircraft subtypes. Our main set of results are based on aircraft-engine matchings in line

with fleet fuel burn fractions from NASA-Boeing studies (Baughcum et al., 1996a, 1996b; Sutkus
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et al., 2001). Here these aircraft-engine matchings are compiled for the aircraft that collectively
account for at least 80% of the available seat-distance in each year for the years 1980, 1990, and
the year 2000. These aircraft definitions are tabulated in Appendix J. These definitions are used to
randomly assign each of the lines in the schedule file to the specific aircraft-engine combination
listed in the table, such that the in the proportion of seat-distance on each aircraft subtype matches
the fraction listed in the table. These aircraft-engine matchings are compiled for the years 1980,
1990, and 2000. To derive our emissions after the year 2000, we use the matching definitions from
the year 2000, because the NASA-Boeing studies are only available until the year 2002. We
additionally present a sensitivity study (Section 2.3.5), using the aircraft-engine matchings from
Quadros et al. (2022), which presents an alternative set of aircraft-engine matchings. For the
sensitivity study, the same set of matchings are applied for all years. These definitions are tabulated

in Appendix K.

Emission location is determined by great circle routes. Annual averaged winds are accounted for
by taking annually averaged winds from MERRA2 weather data. Lateral inefficiencies due to
operational routing inefficiencies, and deviations for weather and congestion, are accounted for
using the flight dataset analysis presented in Reynolds (2008). However, this thesis does not
account for airport specific variations in inefficiencies, such as loiter times at high-traffic airports,
including Atlanta and Heathrow. Additionally, shifts in operational and routing efficiencies over

the years remain uncaptured.

Aircraft are assumed to fly a mean of 7000 ft below the aircraft cruise ceiling that is reported by
BADA 3.16 for each aircraft. Given that flights at varying altitudes can be operated by the same

aircraft, variability is introduced through a triangular uncertainty distribution applied to the flight
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altitude. The mid value is set 7,000 ft below the BADA-defined aircraft ceiling, with the ranging
from -6750 to +6750 ft around the mid value in line with Lee (2005). However, it is worth noting
that there may be uncaptured biases in the aircraft flight altitude over different time frames due to

changes in aircraft operations.

For the years 1980 to 1995, we use global passenger load factors and local US based load factors
as reported by Airlines for America (A4A) (Airlines For America, 2022a, 2022b). From 2000,
regional load factors are reported by ICAO annual statistics (ICAO, 2020). These load factors are
presented in Figure 1. These load factors are applied according to the take-off and landing airports

of each flight. If a flight is from one region to another, the average load factor is used.
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Figure 1: Global and regional passenger load factors over time

2.2.4. Inventory resolution

Emissions inventory is gridded to a global 1° by 1° grid with 200 ft altitude bands, at a monthly

temporal resolution. These emissions can be used with an atmospheric model, such as a chemistry
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transport model or climate model to calculate atmospheric impacts. To gain a more nuanced
understanding of emissions trends by the time of day, we have derived hourly emissions for the
years 1980, 1990, 2000, 2010, and 2019 in 2D grids at a resolution of 4° by 5°. Additionally,

emissions and aircraft data is compiled by flight chords that can be used to derive contrail impacts.

2.3. Results

Trends in fuel consumption and Available Seat Kilometers (ASK) are presented in Section 2.3.1,
including how the fuel burn from this emissions inventory compares to other emissions inventories
in the literature. Regional changes in fuel consumption, changes in altitude, time of day and season
are subsequently presented in Sections 2.3.2, 2.3.3 and 2.3.4. Finally, trends in emissions

composition are presented in Section 2.3.5.

2.3.1. Trends in fuel consumption and available seats

Fuel burn, flight distance, and ASK data from 1980 to 2019 are detailed in Table 1 and Figure 2.
Over this period, there was a rise in aviation fuel consumption, with total fuel expanding from
61.2 Tgto 265 Tg, marking a 330% increase. Simultaneously, the available seat-kilometers (ASK),
a measure of airline capacity, went up even more — by 560%, expanding from 1.5 X 102 t0 9.9
X 1012 seat-km. As such, our data shows an enhancement in fuel efficiency per available seat mile

with fuel burn by ASK decreasing by 35% over the last 40 years.
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Figure 2: Comparison of our preliminary annual fuel burn totals with fuel burn totals in literature

Table 1: Annual fuel and distance totals

Year Fu?lr burn Dist%nce Ag( Fljféllzer
2) (X 10° km) (X 10~ km) (2/ASK)
1980 61.6 8.9 1.5 41.0
1985 72.8 11.0 1.9 39.1
1990 97.1 15.2 2.6 37.5
1995 118.3 19.8 3.4 35.1
2000 145.4 25.8 4.4 32.9
2005 156.0 30.1 5.1 30.6
2010 178.6 35.6 6.2 28.9
2015 219.9 433 7.9 27.7
2019 264.7 52.5 9.9 26.8

This increase in fuel burn by ASK over time is decomposed in Figure 3 and Figure 4. Figure 3
shows a near linear efficiency improvement rate of 0.37 g/ASK per year, with a regression fit value

of R? of 0.996. Flights less than 1000 Nautical Mile (NM) follow a similar improvement rate,
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however, for longer haul flights (greater than 2000 NM) the decrease in fuel burn per ASK is

slower, occurring at a rate of 0.21 g/ASK per year.
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Figure 3: Fuel burn by seat distance

Figure 4 contrasts fuel burn by ASK for different flight distance bands for the year 1980 and 2019.
In both years, the highest fuel burn by ASK occurs for short flights (less than 200 NM). In 2019,
flights between 200 NM and 2000 NM lead to the lowest fuel burn per ASK after which fuel

consumption increases.

v <

Q0.0G 20.06

o o

=3 =3

4 v

n

{0.04 20.04

> >

e e}

£ E

5 0.02 5 0.02

o a

g g

* 0.00 * 0.00

©c o © o © o ©o o o o o o o © o o o ©o
c © © © © © © o o & © ©& © © o oS
c & © © ©o © © o e & © © © © o© oS
— o~ m < Ta] (e ™~ [ee] — (o] m < T} o ™~ @
Flight distance (NM) Flight distance (NM)
Year 1980 Year 2019

Figure 4: Fuel burn by Available Seat Kilometers (ASK) for various flight distance bands for the year 1980 and
2019.
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Increase in efficiency over this period is likely driven by a variety of factors, including
improvements in technology such as increasing engine efficiency and decreased airframe weight
and drag for similar aircraft sizes. In addition, aircraft seat capacities have changed over this time.
Figure 5 shows fuel burn by flight distances and number of seats. During this time, total flight
distance increased from 9.5 X 10° km to 53 X 10° km, representing an increase of 460%, while

ASK increased by 560%. This indicates more seats per flight on average.
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Figure 5: Fuel burn by number of seats and flight distance

When comparing these values with other studies our derived fuel burn totals align closely with
research with the same scope as this thesis, quantifying the fuel consumption from scheduled
passenger flights, as plotted in Figure 2. Also included in Figure 2, is the International Energy
Agency (IEA) aviation fuel totals for each year. In 1980, the [EA's statistics were 66 Tg higher, a
difference of 50% compared to our findings. By 2019, this gap narrowed, with the IEA's figures
being 10% or 31 Tg higher than ours. The IEA's data encompasses total annual consumption of

fuels that meet jet fuel specifications. This includes fuels not exclusively used for flights but also
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for ground-based applications like engine testing, ground vehicles, and other purposes. As such,

these IEA totals can be considered to be an upper limit of aviation jet fuel usage (Olsen et al.,

2013).

2.3.2. Region of emissions

The total fuel burn, representing the specific locations of emissions, is depicted in Figure 6. Over

the span from 1980 to 2019, there has been a noticeable shift in these emission locations.

This shift is further illustrated in Figure 7, which shows how the spatial distribution of these
emissions has changed by latitude and longitude over the years. These results indicate aviation
emissions have remained predominantly concentrated in the northern hemisphere. Specifically, in
1980, 93% of emissions were occurring in the northern hemisphere, which remained similar in

2019 with 91% of fuel burn occurring in the northern hemisphere in 2019.

107?
10-10

10-11

/(m?s)

10712

1013

Fuel burn (kg

10~

Figure 6: Location of emissions in 1980 (left) and 2019 (right)
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However, there have been substantial longitudinal changes in emissions over time (Figure 7). In
1980, much of the emissions occurred between 125° W and 75° W, corresponding to emissions
over the Americas. Figure 7 shows how these emissions have shifted from these longitudinal bands

to Europe and Asia.
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Figure 7: Changes in location of fuel burn over time. For location reference, (a) shows the location of emissions in
1980 on the global map. (b) and (c) show the emissions integrated over the latitude and longitude bands,
respectively. (d) shows results from (c), but with emissions in each year normalized to the total in the year.

To quantify these shifts, we have calculated emissions totals in global emissions regions as
presented by Lund et al. (2017a). These emissions and regions are plotted in Figure 8. In 1980, the
largest contribution of fuel burn was from North America, and by 2019 North America, Europe,
and East Asia have similar contributions to total global annual fuel burn. Over this period, the

emissions share in North America decreased from 55% to 25%, while the share in East Asia
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increased from 7% to 23%. This change in regional distribution is likely to affect the magnitude
of climate and air quality impacts over time, since emissions in different regions lead to different

climate impacts, sometimes differing by more than a factor of two (Lund et al., 2017a).
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Figure 8: Evolutions of region of aviation emissions over time. Emissions outside of the 6 indicated areas are

negligible; totals can be inferred as the difference between the totals in the center lower panel and 1.0.

2.3.3. Emission by altitude

We additionally present the emissions by altitude they occur (Figure 9). We find that the proportion
of emissions occurring at cruise altitudes has increased over time. In 1980, 56% of fuel burn was
above 9 km altitude. This percentage increased to 61% and 67% in 2000 and 2019, respectively.
This is likely due to a larger proportion of longer flights (Figure 5). We note that trends in cruise
altitude are not necessarily captured, since our methods, which are based on schedule data, do not

explicitly account for differences in aircraft operational procedures over time.
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Figure 9: Altitude where emissions occur. For each year the normalized emissions occurring in at each kilometer in

the atmosphere is plotted. For each year, the sum of the plotted bars adds up to 100%.

2.3.4. Temporal variation

2.3.4.1. Seasonality and weekly variation

Our results show that the northern hemisphere summer accounts for 24% of global annual fuel
burn, where summer is taken as the months of June, July, and August. In contrast, the northern
hemisphere winter accounts for only 18% of fuel burn, with winter is taken as December, January,
and February. This result shows little variation from 1980 to 2019, with these percentages

consistent for the year 1980, as well as 2019 (Figure 10).

Fuel burn shows a weekly trend as plotted in Figure 10. Highest fuel burn occurs on a Friday, and
lowest global fuel burn occurs on a Tuesday. This fuel burn is 6% higher on a Tuesday than on a
Friday in 1980, and this difference reduces to 4.5% in 2019. This differs from the weekly trend in
the number of flights, where the number of flights per day is 27% lower on the weekend days of
Saturday and Sunday than during the other days of the week. In 2019, this difference between
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weekend and weekday has reduced to 12%. This difference between weekday and weekend flights
is driven by short haul flights. And the difference between 1980 and 2019, indicates an increase in

aircraft, airport, and crew utilization.
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Figure 10: Seasonal and weekly variation in fuel burn

2.3.4.2. Distribution of emissions by time of day

We also investigated the difference in the time of day that emissions occur. This is important since
contrail lifetimes are typically only a few hours, and their radiative impacts are sensitive to the
time of day that contrails occur and persist (Stuber et al., 2006). We consider three regions (US
East Coast, Europe and East Asia), and plot the fraction of fuel burn occurring in each region by
hour of the day (Figure 11). Also plotted on the figure is the local solar daytime/nighttime at the
center of the region.
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In all four regions, our results show that the share of the fuel burn occurring during the night
increased. In 1980, global fuel burn occurring at local nighttime was 30% of total annual fuel burn.
This increased by 8 percentage points to 38% in 2019. This increase in nighttime fuel burn is likely
due to an increase in aircraft utilization. This increase in nighttime fuel burn is caused by an
increase in fuel burn from short haul flights (<1000 NM in length), where nighttime fuel burn
increased from 23% to 28% from 1980 to 2019. In contrast, for long haul flights (>4000 NM) in
1980, a larger proportion of fuel burn occurred during the local nighttime (60%) than during the
local daytime, likely since passengers prefer overnight long-haul flights. In 2019, this fraction

decreased to 53%, also indicating an increase in aircraft and crew utilization.
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Figure 11: Difference in fuel burn by time of day between 1980 and 2019. In all regions considered the fraction of

fuel burn occurring during the night increases.
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2.3.5. Composition of emissions

While CO2, water vapor, and sulfur emissions are directly proportional to the fuel quantity, NOx,

nvPM, and CO and HC emissions are sensitive to engine technology and operating conditions

(Section 2.2.3). This section covers how the emissions composition of NOx, nvPM, CO, and HC

have changed over time. These emissions are tabulated in Table 2 with NOx, and nvPM emissions

indices and literature comparisons further illustrated in Figure 12.

Table 2: Aviation emissions over time

Year NOx nvPM Cco HC EINOx  EInvPM EI HC EI CO
(GgNO») (Gg) (Gg) (Gg) (g/kg) (g/kg) (g/kg) (g/kg)
1980 878 8.19 1580 1860 143 0.133 30.200 25.60
1985 1080 8.40 1520 1340 14.9 0.115 18.400 20.90
1990 1440 8.88 1370 1130 14.8 0.091 11.600 14.20
1995 1800 8.97 1350 882 15.2 0.076 7.460 11.40
2000 2250 9.40 1460 656 15.5 0.065 4510 10.10
2005 2450 8.70 1420 610 15.7 0.056 3.910 9.09
2010 2920 8.64 1350 240 16.4 0.048 1.340 7.58
2015 3740 9.31 1420 176 17.0 0.042 0.799 6.47
2019 4540 10.60 1580 184 17.2 0.040 0.694 5.98

We find the NOx emissions index increased by 20% over the study period, rising from 14.3 to 17.2

gno2/kgmel between 1980 and 2019. The overall increasing trend aligns with other historical

inventories, though derived indices vary by up to 19% between studies for a given year. This

highlights the difficulty in comparing trends across different inventories using inconsistent

assumptions. Within a given year, the NOx emissions index varies significantly across engines,
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differing by over an order of magnitude based on engine technology (Figure 12). When combined

with rising fuel burn, total global NOx emissions increased 420% between 1980 and 2019.

Despite a 330% fuel burn increase over the period, nvPM emissions rose just 29% from 8.19 Gg
to 10.6 Gg. The nvPM emissions factor decreased 70% from 0.13 to 0.04 gnvem/kgsuel (Figure 12).
This substantial reduction likely influenced contrail formation over time. Moreover, literature
estimates of nvPM begin only in 2005, precluding historical comparison. Where the data overlaps,

our results match reported values.

Emissions indices for CO and HC also fell 78% and 77%, respectively.

NO, nvPM
30 15 -
A Current study (fleet mean) 1.0 -
i fl
254 @ Literature fleet mean o Outrs fom 0.5 -
" gingle stugy!'! - -~
—~ 20 1 ;-) re s
2 =,0.15 - A Current study (fleet mean)
S A A A s b
= A ® Literature fleet mean
B A )
3 > A Ao, ¢ »:'!Q: o E A
z e : *° 8 £0.10 -
— ° o — A
Wilo- e w A
A
A
0.05 A A
5 .. “,"
°
0 T T T T T T T T T 0-00 T T T T T T T T T
O O L H O H»H .0 9 .o O 959 N HF O & O v O
Co PR o hgiis SR has, L\ N D T O O O L7 & DD
RN N RN N O S S TR AR AR AT AT AP
Year Year

1"l Waisuik et al (2016) Commercial Aircraft Fuel Burn and Emissions Inventory for 2005-2011. Atmosphere 7, 78.

Figure 12: Trends in Elyo. and EI,.py over time with comparison to literature.

Aircraft-engine matching assumptions influence results. Using an alternative matching method
from Quadros et al. (2022) changes the derived Elnox by 14% in 1980 and 3% in 2019, and Elnvem

by 18% in 1980 and 57% in 2019 (Figure 13). Compared to our NASA-Boeing-based matchings
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that capture evolving aircraft types, the Quadros et al. (2022) matchings yield a 36% Elnox increase
from 1980-2019 versus our 20%. Using the Quadros et al. (2022) matchings lead to 60% Elnvem
decrease versus the 70% in our baseline results. This highlights the need for consistent assumptions

when comparing historical emissions.
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Figure 13: Comparison between fuel burn and emissions results for different aircraft-engine matching methods.

2.4. Discussion of uncertainty

These results are derived using OAG schedule data combined with assumptions of great circle
routes and standardized aircraft performance, alongside ground-level emissions measurements
adjusted to cruise altitude. While these methods enable the investigation of trends over time, they

introduce uncertainties to our results.

One source of uncertainty is the reliance on aviation schedule data, which provides a basis for
estimating flight locations, frequencies, distances, and aircraft used. However, this data does not
capture real-time operational changes, including delays, diversions, and cancelations.
Furthermore, it omits unscheduled flights, including charter flights, and could underrepresent
flights in regions with less robust data reporting practices, such as the former Soviet Union. Our

42



reliance on great circle routes for flight locations introduces additional uncertainty, as these
theoretical paths could differ from actual flight routes. While we account for additional fuel burn
and emissions due to average routing inefficiencies, we cannot fully account for variations in

routing inefficiencies or the interaction between aviation traffic patterns and meteorology.

Emission estimation presents further challenges and uncertainties. Our results rely on
measurements from the EDB, representing emissions from a single engine at ground level (ICAO,
2022). This approach does not account for differences in individual engines variability in
maintenance. Furthermore, for the older engines, direct measurements of nvPM mass and number
emissions are often unavailable, and only SMOKE number is available as a proxy. The adjustment
of nvPM to cruise altitude, based on the Dopelheuer-Lecht method, introduces additional

uncertainty, showing discrepancies of up to 55% compared to measurements at altitude.

Moreover, due to limitations in data availability, our model uses surrogate aircraft, including those
in BADA, leading to uncertainties in emissions from various aircraft subtypes. Quadros et al.
(2022) indicated that emissions from aircraft subtypes can vary by a factor of 1.5 and 10 for NOx
and nvPM respectively. Our sensitivity study, covering two different aircraft subtype
representation methods (Section 2.3.5), shows up to a 57% variation between the two methods
considered. However, applying a consistent method for defining subtypes over time results, as
applied in this chapter, in less than 16 percentage point difference in Elnox and Elnem changes
over time between these two methods. This highlights the importance of using consistent

assumptions when investigating emissions trends over time, as we applied in this chapter.

This chapter focuses on investigating how emissions have changed over time. Despite these

uncertainties, the consistent methods applied in this chapter provide insights into how emissions
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have changed over time. This consistency underlines the value of our analysis, even as we

acknowledge the uncertainties inherent in our approach.

2.5. Discussion and conclusion

This thesis presents the first bottom-up emissions inventory for global commercial civil passenger
aviation spanning four decades from 1980 to 2019. By leveraging aviation flight data and aircraft
performance modeling, we quantify aviation's historical emissions while capturing changing

spatial, temporal, and compositional characteristics.

These changing emissions characteristics quantified in this thesis have implications for accurately
quantifying and mitigating aviation’s climate impacts. Many current studies focusing on aviation’s
climate and air quality impacts from a year of aviation emissions, rely on the emissions inventories,
which is based on flight patterns from the year 2002 or 2006 (Brasseur et al., 2016; Burkhardt et
al., 2018; Eastham and Barrett, 2016; Lund et al., 2017a). This includes the emissions for the
Coupled Model Intercomparison Project (CMIP), which uses a scaled emissions inventory for
aviation, where emissions from a base year are scaled to fuel burn from the IEA. The results
derived in this chapter indicate that spatial, temporal, and compositional characteristics of

emissions have varied over time, likely affecting the results obtained in such studies.

The emissions trends identified here could inform emissions projections for the future. We find
aviation emissions growth has slowed over North America, while growth in East Asia outpaces

other regions. This suggests future emissions may continue growing faster in East Asia than North

44



America. Furthermore, the increase in nighttime fuel burn indicates rising aircraft utilization across
short and long-haul flights over time. The amount of fuel burn on different days of the week has
also equalized, indicating an increase in aircraft utilization. Additionally, more long-haul flights

have occurred in recent times as aircraft capabilities expanded.

These results also show rising NOx emissions, despite sustained regulation aiming to reduce NOx.
This indicates current regulation may be ineffective at reducing NOx, and alternative approaches

could be necessary, further supporting conclusions from Miller et al. (2022).

This work has limitations that could be addressed in future efforts. Firstly, matching specific
engine variants to aircraft models contributes uncertainty in NOx and nvPM indices. Additionally,
quantifying nvPM emissions at cruise altitudes has high uncertainty, since the Doppelheuer-Lecht
correlation used here is based on limited experimental data. Changes in operational factors like
airport congestion and routing inefficiencies over time are also not fully captured. Finally,
covariation between traffic and meteorology could affect contrail formation trends. However, this

multidimensional inventory significantly advances understanding of aviation’s emissions.

Future work could expand this inventory to include charter flights for a comprehensive record of
emissions. Incorporating flight data, such as ADS-B data could better represent operational factors.
The results here are limited by the proprietary nature of the BADA dataset used. An open-source

emissions inventory not reliant on proprietary data would enable broader applications.

In conclusion, this chapter presents a new multidimensional emissions inventory to enable
comprehensive assessment of aviation’s historical climate impacts. The results highlight changing

emissions characteristics that are often overlooked but likely influence climate and air quality
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impact assessments. By quantifying these trends in aviation’s emissions, this work can directly

inform impact assessments, and support efforts in projecting future emissions.
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Chapter 3

Accumulated present-day
climate impacts of commercial
civil aviation

3.1. Introduction

Current estimates suggest aviation emissions are responsible for 4-6% of global anthropogenic
radiative forcing (Lee et al., 2020). These effects accumulate and will persist for centuries to come
(Klower et al., 2021; Lee et al., 2020; Terrenoire et al., 2019). Accurately quantifying these impacts
is useful, since it will allow for evaluating the current and future climate effects due to past

emissions, which is essential for determining the remaining emissions allowance. It also involves
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discerning which emissions trends have significantly influenced climate impacts, aiding in
forecasting future climate effects and directing appropriate mitigation strategies. Moreover,
understanding the relative magnitudes of the different forcing pathways highlights which emission

types or pathways warrant concentrated research and mitigation efforts.

The bottom-up emissions inventory presented in Chapter 2 shows that aviation emissions
characteristics, such as temporal patterns, geographical distribution, and emissions composition

have continued to vary from 1980 to present day.

Contrails, which are estimated to account for 57% of aviation’s effective radiative forcing in 2018
(Lee et al., 2020), are especially sensitive to such differences in emissions characteristics. Contrails
form when water vapor in the exhaust plume condenses onto particles in the plume, under
sufficiently cold and moist atmospheric conditions. How long they persist is affected by the local
atmospheric conditions, as well as the number and size of the ice particles. Their subsequent
radiative impacts, which are both due to the reflection of incoming short-wave radiation, and the
trapping of outgoing long-wave radiation, are also affected by a variety characteristics. These
include the ice particle size distribution, time of day and season, winds, which affect how spread-
out a contrail becomes, and differences in surface albedo beneath the contrail (Burkhardt and

Kaércher, 2011; Kércher, 2018).

As a result, annual contrail impacts have been shown to vary by up to a factor 2 depending on
region of emissions (Bock and Burkhardt, 2019; Lund et al., 2017a). Additionally, shifts in the
time of day that the emissions occur likely also affects the subsequent impact. A study, focusing
on a limited regional scope, found that night flights contribute to 60 to 80% of contrail forcing,

despite only accounting for 25% of the traffic (Stuber et al., 2006). The emissions composition
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also likely affects the subsequent global impacts, with studies finding a 50 to 90% change in
particle number emissions can change the subsequent climate impacts by 20 to 90% (Burkhardt et
al., 2018; Teoh et al., 2020). However, uncertainty remains, and another study found a +5 to -13%
change in global RF from contrail due to a modelled 66% decrease in aircraft particle number
emissions (Caiazzo et al., 2017). The altitude of emissions likely also affects the global annual
contrail RF, with studies indicating a change of 10 to 50% for an aggregate 2000 to 6000 ft change
in cruise altitude (Fichter et al., 2005; Fromming et al., 2012; Grewe et al., 2017a). Additionally,
the season of emissions could affect the subsequent global RF impact by up to a factor 2 to 5

(Stuber et al., 2006; Yin et al., 2018).

Collecting work from studies that quantified global RF from various aviation forcers, Lee et al.
(2009, 2020), present an aggregate perspective of the impacts from aviation, estimating the
accumulated RF from different aviation CO2 and non-CO: forcing pathways. Using these estimates
Lee et al. (2010) and Klower et al. (2021) present estimates of the accumulated temperature
change. However, neither Lee et al. (2010) or Klower et al. (2021) presented temperature change
broken out by the different non-CO: forcing pathways. A further limitation of these assessments
is their reliance on fuel and emissions scaling, overlooking the nuances of the impacts of
heterogeneities in the emissions composition, time, region and altitude over the years. As a result,
the present-day atmospheric surface temperature change due to aviation emissions remains
uncertain. Moreover, it remains unknown how contrail forcing has evolved over time, and what

the underlying factors are that might have driven these changes.

In this chapter, we investigate the accumulated present-day and future climate impacts due to

aviation emissions since the start of the jet age. Given contrail’s comparatively high contribution
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to these impacts, we place special focus on aviation contrail impacts and the relationship to changes
in the aviation emissions over time. This work is enabled for the first time by the bottom-up
emissions inventory presented in Chapter 2. Contrail formation and behavior are modeled using
the APCEMM intermediate-fidelity contrail model (Fritz et al., 2020) using ERAS reanalysis data
(Hersbach et al., 2020). We also incorporate a reduced-order climate model (APMT-IC) to
quantify radiative forcing from COz2 and other non-COx forcers (Grobler et al., 2019). Additionally,
we use this model to quantify how these emissions and their resulting forcings have and will

continue to affect global atmospheric surface temperature.

3.2. Methods

We model contrail impacts from flight operations between 1980 and 2019 using an aircraft plume
model combined with weather reanalysis data (Section 3.2.1). This approach captures formation,
evolution, and dissipation from individual contrails, while using the weather patterns for the year

of operations.

In Section 3.2.2, we explain the methods used to calculate radiative forcing and temperature
change for both CO2 and non-CO: emissions associated with aviation. This will enable us to
compare relative impacts from the various aviation climate forcers and inform how much past
aviation emissions contribute to the global temperature change budget at different times in the

future.
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3.2.1. Contrail properties and subsequent radiative forcing

Contrail properties and evolution are evaluated using the Aircraft Plume Chemistry, Emissions
and Microphysics Model (APCEMM) developed by Fritz et al. (2020). This model is higher
fidelity than 1D gaussian plume models, and captures inhomogeneity of the contrail in 2D, and
resolves different ice particle sizes at each timestep. Therefore, this model captures effects that 1D
gaussian plume models cannot, like differential crystal settling. However, as a result, APCEMM
has a higher computational cost, and simulating contrails from all flights in a year is not
computationally tractable. To address this problem, we use a sampling approach to simulate
contrails from a representative set of flight segments each year in question, where a flight segment
is defined as a kilometer of flight distance. This approach is based on previous work by Agarwal

(2021) and Elmourad (2023):

Step 1: Chorded emissions inventories are derived for the years 1980 1990, 2000, 2010, and 2019

(Chapter 2).

Step 2: Using the chorded emissions inventories, 100,000 individual flight segments are sampled

for each year, using a distance-based random sampling (Section 3.2.1.1).

Step 3: Since we are only interested in applying the aircraft plume model for cases that result in
contrail formation, each of the selected flight segments are evaluated to test if a persistent contrail

could form for the given the ambient conditions and engine properties (Section 3.2.1.2).

Step 4: For each of the segments that could result in the formation of a persistent contrail, we use
APCEMM, a medium fidelity aircraft plume model, to derive contrail properties. This model is

combined with ambient weather data from ERAS (Section 3.2.1.3).
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Step 5: Then the contrail properties are used to calculate the radiative impacts using RRTM code

together with ERAS reanalysis weather data (Section 3.2.1.4).

Step 6: Finally, the data from the individual chords is combined to determine aggregate radiative

impacts and investigate trends in the impacts (Section 3.2.1.5).

Additionally, given APCEMM has a higher spatial resolution than the ERAS weather data, our
model can prevent far-field changes in water vapor content from affecting our modeled contrail
(Section 3.2.1.6). As a result, our contrail lifetimes are longer than contrail lifetimes from some
other studies (Teoh et al., 2022, 2020). For comparison purposes, we derive an extra set of results
that truncates contrail lifetime, with contrail evaporation conditions based on only the ERAS

weather data (Section 3.2.1.6). This set of data serves as a lower bound for our contrail results.

3.2.1.1. Step 2: Selecting flight segments to evaluate

For each year, contrail properties are evaluated for a representative sample of flight segments,
where a segment is a point location from the flight. The segment is extracted using a distance-
weighted sampling method (Agarwal, 2021). This selection involves compiling a vector of every
flight kilometer flown in the year and keeping track of which kilometer is attributable to which
flight. These flight distances are taken from the emissions inventory in Chapter 2. For each
sampled segment, a random number is drawn from a uniform distribution. The minimum is set to
zero and the maximum is set to the total flight distance in the year under consideration. For
instance, if the random number generator selects 450 km, the flight corresponding to the 450" km

in the vector of flight distances would be selected for the sampled set. If this flight spans the 400
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to 500™ km of the total flight distance from the year, the flight data at 450 km would be extracted
and included in the sample set. This provides a set of flight conditions with a distance weighted

sampling.

For each year, a sample of 100,000 segments are selected. This has been shown to lead to less than

1% variation in the estimate of the global mean radiative impact (Agarwal, 2021).

For each sampled segment, the time, location (altitude, latitude, and longitude), aircraft weight,
flight speed, fuel flow and nvPM emissions are extracted from the chorded emissions inventory

derived in Chapter 2.

3.2.1.2. Step 3: Screening for persistent contrail conditions

Since not all the sampled segments will lead to the formation of a persistent contrail, all the selected
chords are first screened to check if they could meet the persistent contrail conditions (PCC) for
an assumed upper bound formation criteria. A segment meets the persistent contrail condition if
(1) the ambient conditions have a relative humidity with respect to ice (RHi) greater than 100%,
and (i1) the exhaust plume will become super saturated with respect to water vapor as it mixes with
the ambient, as described by the Schmidt-Appleman criteria (Schumann, 1996). The latter
condition depends on the engine thermal efficiency, with higher engine thermal efficiencies
leading to increased contrail formation, given the reduced heat energy available in the exhaust
plume. As an upper bound, this PCC screening is performed for an engine thermal efficiency of
50%, which represents the upper bound of engine thermal efficiencies for assumed combustor and

turbine efficiencies of 0.9 (Cumpsty and Heyes 2015:49). The ambient temperature and specific
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humidity values are taken from the ERAS weather data (Hersbach et al., 2020) for the nearest grid-
cell at the time and location of the occurring flight segment. This weather data is further described

in Section 3.2.1.3.

3.2.1.3. Step 4: Contrail modeling using APCEMM and ERAS weather data

Modeling of contrail microphysics using APCEMM

The contrail properties for each of the selected and screened chords is simulated using the Aircraft
Plume Chemistry, Emissions, and Microphysics Model (APCEMM) (Fritz et al., 2020), including
updates as described in Agarwal (2021) and Elmourad (2023). This model is a Lagrangian model
and was developed to model chemical interactions and microphysics of an aircraft plume, under a

variety of conditions. In this work, we only use the ice microphysics part of the model.

The model is schematically outlined in Figure 14. It starts out by simulating the jet regime and
vortex phase, which are characterized by rapid mixing, and lasts in the order of 100 seconds after
emissions occur. The model uses a box model with uniform temperature and species
concentrations (Kércher, 1998, 1995) as the plume entrains air from the ambient. During this
phase, the model calculates the number of initial ice particles based on the soot number emissions,
and the water vapor available in the plume. It also accounts for subsequent ice crystal losses due
to turbulent temperature fluctuations, and adiabatic heating of the plume driven by downwash from

the aircraft wing-tip vortices (Fritz et al., 2020).

Thereafter the diffusion regime of the plume is modelled using a spatially resolved, 2D gridded

spectral method (Gottlieb and Orszag, 1977). This part of the simulation includes modeling of
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diffusion, advection, and shear. Consistent with Agarwal (2021), the spatial resolution is set to 100
m in the horizontal direction and 10 m in the vertical direction, and the time step set to 600 s. The
ice particles are modeled using 38 size bins from a minimum radius of 50 nm to a maximum of 80
um, where the size range for each bin varies depending on the current simulation conditions (Fritz

et al., 2020).

1 1 1
I T T >
Jetregime  Vortex phase Diffusionregime time

Figure 14: Schematic outline of Aircraft Plume Chemistry, Emissions, and Microphysics Model (APCEMM) (Fritz
et al., 2020)

Contrails are assumed to have evaporated when both the ice mass falls below 10 kg/m and the
number of crystals falls below 10° crystals/m, thereby ending the APCEMM simulation. Any
remaining APCEMM simulation is terminated at 24 hours, due to the low likelihood of contrails
persisting longer than this, consistent with other contrail studies (Schumann et al., 2015; Teoh et

al., 2020).

Engine thermal efficiency, which is required to specify APCEMM inputs, is calculated using

Eurocontrol Base of Aircraft Data (BADA) version 3.16 (Eurocontrol, 2022) for the flight
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conditions of each segment. The thrust specific fuel consumption (TFSC) is obtained from BADA,

and we use Cumpsty and Heyes (2015) to derive the thermal efficiency (Appendix C).

Weather data for contrail simulation in APCEMM

We use the ERAS reanalysis product from the European Centre for Medium-Range Weather
Forecasts (ECMWF) to estimate prevailing atmospheric conditions (Hersbach et al., 2020). This
data is available on a regular latitude-longitude grid at a 0.25° by 0.25° resolution with 37 pressure
levels from 1000 hPa to 1 hPa at hourly temporal resolution. The dataset is available from the year
1959 onwards, and we use the weather data corresponding to each year for which contrails are

evaluated.

The ambient specific humidity field is initialized from the ERAS data from the time and location
where aircraft pass. For the remainder of the simulation, the mixing ratio of water vapor in each
APCEMM grid cell is calculated by APCEMM and not updated from the weather data. We use
APCEMM in this way, since the contrail influences the local water content, and the water content

will be advected along with the contrail air mass.

In addition, APCEMM requires ambient temperature and wind shear for the contrail. Since these
factors can be influenced by external factors such as radiation and pressure changes, the

temperature and winds are updated from the ERAS weather data for each timestep.

Advection of the contrail through the atmosphere is calculated using the Advection for Flight and
Contrail Analysis (AFCA) package and ERAS wind data. This package is a C++ library developed

to enable optimized Lagrangian trajectory analysis related to aviation’s climate impacts. It applies
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numerical integration using a fourth-order Runge-Kutta scheme along with interpolated horizontal
and vertical wind data to provide simulated air parcel trajectories (Meijer, 2023). Using this
advected trajectory, ERAS temperature, pressure, and wind data is extracted along the advected

path of the contrail.

3.2.1.4. Step S5: Calculation of radiative impacts using RRTM

The Rapid Radiative Transfer Model (RRTM) is employed to assess the impact of individual
contrails on the radiative forcing budget of the atmosphere. This method for calculating radiative
forcing for contrails impacts from APCEMM output was developed by Agarwal (2021) and later
extended by Elmourad (2023) to incorporate ERAS weather data. This approach uses the

standalone version of RRTM.

RRTM applies spectral absorption coefficients from the line-by-line radiative transfer model
(LBLRTM), using the correlated-k method (Mlawer et al., 1997). The correlated-k method groups
absorption lines of gases into bands and averages their effects, allowing for faster calculations
across a spectrum while maintaining reasonable accuracy. RRTM is applied to calculate shortwave
and longwave calculations separately. For longwave forcing calculations, surface emissivity
values for each of the 16 emissivity bands used by RRTM come from NASA’s MODIS aboard the

Terra and Aqua satellites, with an 8-day temporal resolution and a 2° by 2.5° horizontal resolution.

Surface properties such as surface albedo are taken from ERAS. Similarly, weather data, including
temperature, pressure, humidity profiles, and natural cloud attributes such as cloud cover fraction,

specific cloud ice water content, specific cloud liquid water content, specific rainwater content,
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and specific snow water content are also taken from ERAS. As described in Elmourad (2023), this
natural cloud data is used to calculate the liquid water path and ice water path. Both the ERAS
weather data and the surface data from NASA’s MODIS are taken for the advected contrail

location as described in Section 3.2.1.3.

To quantify the radiative impact of contrails, two runs are performed — one with contrails and one

without. The difference calculates the radiative forcing due to contrails.

3.2.1.5. Step 6: Collecting data

The annual global radiative forcing is calculated across all samples, as presented in Eq 1.

N
1 Npcc 1 EF;
RFannual = - ( ) ' ’ z P !
annua Aecarth - tyr N (NPCC i=1 Deontrai g

Here Npcc represents the number of the flight segments in the selected sample that result in
persistent contrail formation. N represents the total number of segments in the sample.
EF;/Dcontrail TEpresents the energy forcing per meter contrail in Joule/m. Dy, represents the total
distance flown in the year in meter. Additionally, energy forcing is converted to radiative forcing,
by normalizing the energy forcing by the area of the year (Aq,rtn) in meters, and the total number

of seconds in a year (ty).

Npcc/N, represent the fraction of flight segments in a year that results in persistent contrails.

N EF;

i=1
Dcontrail

Additionally, N; . represents the average energy forcing per distance contrail in the
PCC

year in Joule/m. Collectively, the product of these two expressions represents the average energy
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forcing per flight distance in Joule/m. In this thesis, we use EF/mcontrail to refer to the energy forcing

per distance contrail, and EF/maignt to refer to the energy forcing per distance contrail.

Results section 3.3.1 presents various trends based on this fraction of flight segments with

persistent contrails, and impact per distance contrail and per distance flight.

3.2.1.6. Additional set of results for alternative weather data formulation

The spatial resolution of the available weather data products at aircraft cruise altitudes presents
challenges for accurate contrail modeling. The ERAS grid cells are approximately ~0.8 km high
by ~30 km in width. In contrast, contrails only span ~0.1 km at 10 minutes after formation. After
10 hours, contrails typically span 10~30 km in width (Karcher, 2018), which is still smaller than
the ERAS grid. As a result, there is a mismatch in length scales between the ERAS grid resolution

and contrail length scale.

In particular, this presents a challenge for ensuring of water vapor mass in the vicinity of the
contrail remains conserved. Water vapor that starts out near the contrail is likely advected with the
contrail. However, in the ERAS weather data, water vapor mass is averaged out in each grid cell.
As illustrated in Figure 15, given the differences in length scales, far-field changes in the water

vapor mass could be averaged into the ERAS5 grid cell that contains the contrail.

This difference in length scale could result in a premature evaporation of the contrail in the
simulation. The literature has found that these large grid-cells are often weakly subsaturated (Teoh
et al., 2022). Therefore, studies that apply the ERAS weather data without adjusting to ensure

continuity in sub-grid-scale variation, could result in shorter contrail lifetimes.
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Figure 15: Illustration of how far field changes in humidity could affect the simulated contrail lifetime

In our APCEMM simulations, the humidity field is initialized from the ERAS weather data. For
the remainder of the simulation, this humidity field is calculated from the water vapor available
from the previous APCEMM time step, while accounting for mixing between APCEMM grid cells.
An example of the difference in the relative humidity field is presented in Figure 16. Given the
finer APCEMM grid resolution (100 m width by 10 m high), this means that we have continuity
in sub-grid-scale variations as the simulation continues, and water vapor that is initially near the
contrail, will remain in proximity to the contrail, leading to smaller sensitivity to far-field changes

in water vapor mixing ratios.

Since recent studies that applied the ERAS weather data did not account for this continuity in sub-
grid scale variations in water mass (Teoh et al., 2022, 2020), we also present a second set of results
for comparison purposes. Here, contrail lifetime is truncated once the advected ERAS5 data

becomes subsaturated, and we label these results “Truncated lifetime (RHi <100%)”. This lifetime
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is shown in Figure 16 (a). Here we use this truncated lifetime as a lower bound estimate for our

contrail lifetimes and subsequent impacts.
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Figure 16: Comparison between relative humidity over time between (a) using ERAS5 humidity at each time step and
(b) calculating relative humidity from the available water vapor and ERAS5 temperature at each time step.

3.2.2. Quantifying temperature change effects using APMT-IC

3.2.2.1. Model overview

The contribution of each of the climate forcers to RF in a specific year, and global temperature
change are quantified using the Aviation environmental Portfolio Management Tool - Impacts
Climate (APMT-IC) (Mahashabde et al., 2011; Marais et al., 2008; Wolfe, 2015, 2012). The
APMT-IC model is developed as a simplified climate model capable of estimating the impact of
aircraft emissions on the climate and quantifying the uncertainties associated with these impacts.

Uncertainty distributions are derived using a quasi-Monte Carlo method.
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In this thesis, various updates were made to this model. This Chapter describes the modeling
approach of the physical impacts captured in APMT-IC, as well as outlining model updates made
to these parts of the model. These model updates, performed for this work of this thesis, are

published in literature in Grobler et al. (2019), de Jong et al. (2018), and Dray et al. (2022).

As input, the model takes inputs in the form of annual emissions (Section 3.2.2.2). These emissions
are used to derive COz2 concentration (Section 3.2.2.3), and subsequent radiative forcing (3.2.2.4)

from COa.

For the short-lived climate forcing pathways of semi-direct sulfate, direct stratospheric water
vapor, direct soot forcing, and indirect NOx forcing pathways, RF is quantified using an emissions
scaling approach (Section 3.2.2.5). While this does not capture the impact of spatial temporal
variations on RF over time, these forcing pathways are estimated to be collectively responsible for
a relatively small proportion (~13%) of aviation’s cumulative radiative forcing (Lee et al., 2020).
Global annual RF from contrails can either be quantified in APMT-IC using a distance based
scaling approach (Chapter 4 & 5), or as in this Chapter, annual RF can be specified directly

(Section 3.2.2.5 & 3.3.1.1).

Radiative forcing is linked to global annual temperature change using a two-box ocean atmosphere

model (Berntsen and Fuglestvedt, 2008) (Section 3.2.2.7).

This chapter focusses on the physical impacts, radiative forcing and temperature change, due to
aviation emissions. However, in Chapters 4 and 5, APMT-IC is applied to use the calculated global

temperature change to estimate the health, welfare, and ecological costs of anthropogenic climate
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change. This damage module, including updates made during this thesis are described in Chapter

4 and Chapter 5 (Sections 4.3.2.2 and 5.3.2.2).

3.2.2.2. Input emissions

As inputs, APMT-IC takes annual total fuel-burn, CO2, and NOx emissions. The model is
additionally updated to take emissions inputs from quantities of nvPM, and H2O and distance
flown. In this chapter, APMT-IC is run for the emissions derived from Chapter 2, as listed in Table

1 and Table 2.

3.2.2.3. Modelling CO; concentration

COz has a long atmospheric lifetime, and we expect at least 20% of present-day COz emissions to
remain in the environment for the next 1000 years (Joos et al., 2013). Resultingly, the model
considers the long-lasting, integrated climate impact of CO2, and models 800 years following an

emissions scenario.

APMT-IC models the CO2 concentration due to aviation emissions using an impulse response
function (IRF) approach, which models the fraction of an emission pulse remaining in the
atmosphere as a function of time (Berntsen et al., 2010; Joos et al., 2013). Emissions from different

years are combined using a convolution approach.

The atmospheric CO2 from an emissions pulse is non-linearly dependent on the changes in non-

aviation (or background) CO: emissions, with changes such as temperatures increases, and
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saturated carbon sinks, affecting the removal rate of additional CO2 from the atmosphere. To
capture these effects, APMT-IC is updated to represent the CO2 concentration response under

different future emissions scenarios.

A set of IRFs are calculated using the Model for the Assessment of Greenhouse-gas Induced
Climate Change (MAGICC6), which is capable of capturing these non-linear carbon cycle

feedbacks (Meinshausen et al., 2011a).

To derive the IRFs, MAGICC6 is run for different scenarios of all-source atmospheric CO2
emissions and concentrations obtained from the Representative Concentration Pathways (RCP) of
the Intergovernmental Panel on Climate Change (IPCC) (Moss et al., 2010). The four pathways
developed in the RCPs represent future emissions projections from a larger set of scenarios in the
literature (van Vuuren et al., 2011), spanning the range of expected radiative forcing values for
2100. These scenarios were further extended to include emissions projections up to the year 2500

(Meinshausen et al., 2011b).

Figure 17 shows the different APMT-IC IRFs. For the time between 2010 and 2100, IRFs are
calculated at a 10-year emissions resolution for each of the four RCP scenarios. Between 2100 and
2500, a 100-year emissions resolution is applied. RCP emissions are defined until the year 2500
only (Meinshausen et al., 2011b). As such, IRF behavior after 2500 has been extrapolated using
an exponential function. Similarly for the years 1970 to 2009 extrapolation is applied. Emissions

before 1970 are modeled using IRF from Joos et al. (2013).
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Figure 17: Impulse response functions for different RCP scenarios derived using Model for Greenhouse-gas

Induced Climate Change (MAGICCG6)

3.2.2.4. Modelling RF from CO;

The resulting CO:z radiative impacts are computed using the radiative transfer function included in
Fifth Assessment Report of the IPCC (Myhre et al., 2013, 1998). Similar to the CO2 concentration
response, RF from aviation’s emissions is non-linearly dependent on the background CO2

concentration, due to saturation of the spectral absorption bands.

To capture this non-linearity, APMT-IC models CO: radiative forcing using a marginal impact
approach, where aviation’s CO2 RF is estimated by first calculating the total anthropogenic CO2

RF and then subtracting the total anthropogenic CO2 RF without aviation emissions (Eq 2).
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RF(Aviation CO,)
= RF(Total Anthropogenic CO,) Eq2
— RF(Total Anthropogenic CO, — Aviation CO,)

Background (all-source) anthropogenic CO:2 concentrations are taken from the Representative

Concentration Pathways (RCP) as provided by the Intergovernmental Panel on Climate Change

(IPCC) (Moss et al., 2010).

3.2.2.5. RF from non-CQO; forcers

For the short-lived climate forcing pathways of semi-direct sulfate, direct stratospheric water
vapor, direct black carbon forcing, and indirect NOx forcing pathways, RF is quantified using an
emissions scaling approach. These forcing pathways are estimated to be collectively responsible
for a relatively small proportion (~13%) of aviation’s cumulative radiative forcing (Lee et al.,

2020).

To model the radiative impacts of aerosols (nitrate, sulfate, and black carbon), stratospheric water
vapor, and indirect ozone from NOx emissions, the average radiative forcing of these impact
pathways is scaled to their respective annual emissions. These forcing pathways are assumed to
last less than a year after emissions (Sausen et al., 2005; Sausen and Schumann, 2000) and

mathematically this scaling can be written as

Q(t)

Q(t=—tref) RF short,j(t = tref) Eq3

RFshort,j (t) =

where, RFgp,yej represents the radiative forcing of species j. Q(t) represents the emissions

quantity.
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For the updated model implementation, these RFs are from a multi-model study, supplied by
Aviation Climate Change and Research Initiative (ACCRI), which derived annual RF from the

year 2006 AEDT emissions (Brasseur et al., 2016).

Table 3 shows the reference emissions as well as reference RF for each species. Monte Carlo
uncertainty distributions, based on these values, are derived following a simplified rule. If three or
more RF values are available in Brasseur et al. (2016), APMT-IC V24b uses a triangular
distribution to model the RF distribution for that short-lived forcer, where the distribution’s
minimum value is the minimum value from Brasseur et al. (2016), and similarly the distribution
maximum value is the maximum RF value from Brasseur et al. (2016). The mid value for the
triangular distribution is found by taking the mean of the RF values presented in Brasseur et al.
(2016) for a particular short-lived forcer. If only two RF values are presented in Brasseur et al.
(2016), APMT-IC V24b uses a uniform uncertainty distribution, once again where the distribution

upper and lower bounds correspond to the RF values in Brasseur et al. (2016).

Table 3: Values used for the short-lived, non-CO; impacts based on Brasseur et al. (2016).

Parameter Values Distribution Units
3 2
RF black carbon (nvPM) 0.6,1 Uniform mW/m
RF sulfate aerosols 9,-4.8,-3 Triangular mW/m?
: 2
RF stratospheric water vapor 13,2 Uniform mW/m
RF contrails 12.4,37.9, 80 Triangular mW/m?
RF nitrate aerosols -7.5,-3 Uniform mW/m?
Reference year fuel burn 188.1 Constant Tg
3.87 x 1010 Constant km

Reference year distance

Reference year NOy emissions 2.67 Constant Tg NOx as NO,
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We model longer-lived ozone and methane impacts from NOx based on a review of literature
estimates, as described in Mahashabde et al. (2011). For results in this chapter and Chapter 5, the
NOx related methane effect is increased by 14%, due to an updated estimate of the short-wave RF

from a line-by-line radiative transfer study (Etminan et al., 2016; Lee et al., 2020).

Global annual RF from contrails can either be quantified using a distance-based scaling approach
(Chapter 4 & 5), or annual total RF can be specified directly. In this chapter annual RF from
contrails are taken from our assessment of contrail RF as presented in Sections 3.3.1.1. The lower
bound for each year is defined by the truncated contrail lifetime results (RHi < 100%), and upper
bound is defined by the full APCEMM lifetime results. A uniform uncertainty distribution is

applied between these two bounds.

The climate impacts of other aviation emissions including non-methane volatile organic
compounds (NMVOC), carbon monoxide (CO), and organic carbon (OC), are not quantified since
they have been shown to be negligible (Brasseur et al., 2016). The indirect impact of BC deposition
on ice, and the impacts of aviation emissions on cloud formation are not quantified, as these

impacts remain highly uncertain (Lund et al., 2017a).

3.2.2.6. Effective radiative forcing and climate efficacies for non-CQO; forcers

The effect of the radiative forcing of non-COz climate forcers on temperature change can differ
from the impact of CO: for the same quantity of RF, due to differences in horizontal and vertical

radiative distributions in the atmosphere.
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Effective radiative forcing (ERF) and climate efficacies are concepts introduced in literature to
account for differences in the atmosphere’s temperature response, from the same level of RF from

non-CO2 and COz forcing (Bickel et al., 2020a; Lee et al., 2020; Ponater et al., 2021).

Specifically, climate efficacy quantifies the relative effectiveness of a radiative forcing agent to
cause changes in the equilibrium surface temperature compared to CO2, expressed as the ratio of
temperature change per unit of radiative forcing for the agent versus COz. Quantifying this effect
requires long term ensemble climate model runs, and often aviation forcers need to be scaled up,
to extract a signal from the temperature change. (Hansen et al., 2005; Ponater et al., 2021) In
contrast, the derivation of ERF allows rapid atmospheric adjustments from non-CO2 RF to
normalized before determining the ratio of ERF. These atmospheric adjustments include changes

in cloud cover, water vapor, temperature profiles, and surface albedo (Bickel et al., 2020a).

Except for contrails, we do not apply ERF/RF or efficacy adjustment factors. For aviation, these
adjustment values are still associated with large uncertainties as very few studies exist (Lund et
al., 2017a). Wuebbles et al. (2010) argue that “too few climate models have assessed aviation
efficacies to justify their use in policy”. This is in-line with other studies that do not apply an

adjustment (Fuglestvedst et al., 2010).

However, various estimates for efficacy and ERF/RF are available for contrails, all indicating a
lower temperature response per unit RF as compared to CO2 (Bickel et al., 2020a; Ponater et al.,
2021; Rap et al., 2010). As a result, we include an adjustment factor to contrail RF based on these
studies. Ponater et al. (2005) find an efficacy adjustment factor of 0.59, Rap et al. (2010) find an

efficacy adjustment factor of 0.31, and Bickel et al. (2020) find an ERF/RF adjustment factor best
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estimate of 0.35. We combine these estimates from literature and apply a triangular uncertainty

distribution with a mid-value of 0.417, minimum value of 0.31 and maximum value of 0.59.

We note some unquantified uncertainties that are not captured in this approach. Firstly, while this
ERF/RF adjustment captures the difference in temperature change from short term RF, this
ERF/RF may not necessarily provide an accurate measure of long-term temperature response
(Bickel et al., 2020b; Ponater et al., 2021). Secondly, the adjustment factors from Ponater et al.
(2006) and Rap et al. (2010) represent long-term climate feedback for linear contrails only, derived
using contrail formation more than 50 times expected contrail coverage in 2050. This upscaling
may cause saturation of feedback effects such as cloud formation (Fuglestvedt et al., 2010; Lund

et al., 2017a; Wuebbles et al., 2010).

3.2.2.7. Temperature change model

Changes in global surface temperature associated with aviation emissions are calculated using a
probabilistic two-box ocean model (Berntsen and Fuglestvedt, 2008). In this thesis, the equilibrium
climate sensitivity (ECS) uncertainty distribution is updated to the Roe and Baker (2007)
uncertainty distribution, with parameters calibrated to the US Government interagency working
group on social cost of carbon. The resulting ECS has a mean of 3.5 °C for a doubling of CO2 (US
Government, 2016), which falls within the 2.1 to 4.7 °C range of the IPCC Coupled Model

Intercomparison Project 5 (CMIP5) (Flato et al., 2013).
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3.2.3. Emissions before 1980

The emissions inventory presented in Chapter 2 presents emissions for 1980 to 2019. However,
smaller quantities of emissions also occurred before 1980. In line with other studies, we do not
quantify emissions before 1940 (Klower et al., 2021; Lee et al., 2020; Sausen and Schumann,
2000). Between 1940 and 1980, we assume a linear annual growth starting at zero fuel burn in
1940 and ending at 61.6 Tg fuel burn in 1980. For this period, we use emissions indices from the
year 1980 as quantified in Chapter 2. This collectively accounts for 21% of total aviation fuel burn
from 1940 to 2019. This method could overestimate the emissions occurring between the year
1940 and 2019, since it assumes a constant annual fuel burn growth quantity. Future studies could
improve upon this method by using an assumed annual growth rate and calculating emissions

backwards from the year 1980.

As an upper bound, we also run APMT-IC for IEA fuel burn totals with our annual emissions

indices and contrail impacts per distance flight.

3.3. Results

3.3.1. Contrail radiative forcing results

3.3.1.1. Global results over time

On net, we find that contrail impacts have increased from 33 to 185 mW/m? from 1980 to 2019
using the full APCEMM lifetimes as plotted in Figure 18. In comparison, IPCC estimated 50

mW/m? for flight operations in 2011, and Lee et al. (2020) estimated 111.4 mW/m? (range 33.4-
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189.4) for flight operations in 2018 as plotted in Figure 18. Both these estimates include scaling
factors that increase emissions to account for non-scheduled flights, such as military operations.
In contrast, we only include emissions from commercial civil passenger flights in this thesis. As a
result, these comparison datapoints would be smaller if scaled to only include impacts from

commercial civil passenger flights, as presented in this thesis.

As described in Section 3.2.1.6, our “full APCEMM lifetime” results are based on APCEMM
simulations that account for continuity in water mass around the contrail as the simulation
proceeds. In contrast, studies that have updated the water content around the contrail in each
timestep using the ERAS5 weather data (Teoh et al., 2022, 2020), could prematurely expose
contrails to far field changes in humidity (Section 3.2.1.6). This modeling difference is caused by
the mismatch between ERAS grid cell sizes (~30 km width) and the contrail length scale (0.1 to
10 km). For comparison purposes, we present a second set of results, which are more analogous to
this method in literature, where we truncate the contrail lifetime when the ERAS relative humidity
with respect to ice (RHi) around the contrail falls below 100% (see Sec 3.2.1.6). In the figures in
this section, we label these results as “Truncated lifetime (RHi<1)”. For these truncated lifetime
results, contrail RF increased from 9.9 to 62 mW/m? from 1980 to 2019, which is lower than the

central values from IPCC and Lee et al. (2020).

The increase in global contrail RF, is predominantly driven by the increase in flight distance, which

increased from 9.5 to 53 X 102 km from 1980 to 2019 (Table 2).
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Figure 18: Global contrail RF over time from 1980 to 2019 for results from this thesis, and results from IPCC 5"
Assessment Report (Myhre et al., 2013), as reported by Kdrcher (2018), and results from Lee et al. (2020). Error

bars for our results represent the standard error of the mean only.

Figure 19 shows how the fraction of flight segments that form persistent contrails, and radiative
impact per contrail and flight distances have varied. Over this time period, we find that the fraction
of flight segments that cause contrails has increased by 32% from 3% to 4% globally. In contrast,
the mean energy forcing per distance contrail (EF/meontrail) decreased by 24% from 1.8 to 1.4 x 10°
J/m. As a result, the mean energy forcing per flight distance (EF/miiight) remains within 10% of its

magnitude in 1980.

The magnitude of these energy forcing per distances are higher than those derived by Teoh et al.
(2020) which found EF/mcontrail of 0.75 X 102 J/m for the Japanese airspace. This difference is
likely due to differences in treatment of atmospheric mixing around the contrail as described in

Section 3.2.1.6.
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Figure 19:Changes in fraction flight segments causing contrails and contrail radiative impacts over time. Error
bars represent the standard error of the mean.

While the data above focusses on the mean impacts over time, significant variation exists in
individual contrail impacts. Focusing on the contrail simulations for 2019, Figure 20 shows the
distribution of results for individual contrail radiative impacts for the full APCEMM lifetime, as
well as the truncated contrail lifetimes. We find EF/mcontrait of 1.4 X 10° J/m for the full APCEMM
lifetime, with a standard deviation of 3.3 X 10° J/m. Using the trucated lifetime, the EF/mcontrait is

0.46 x 10° J/m with a standard deviation of 1.3 X 10° J/m.

The figure also shows the lifetime of the contrails, and an average contrail lifetime of 10 and 4.8
hours and a standard deviations of 5.5 and 3.9 hours for the full APCEMM lifetime and the lifetime
truncated for RHi<1, respectively. Literature estimates for contrail lifetime are shorter. Teoh et al.
(2020) find mean contrail age of 3.2 hours in a contrail modeling study over the Japanese airspace.
The differences in lifetime between our full APCEMM lifetime and theirs could be due to
differences in how we capture continuity in sub-grid-scale variation in water mass. Gierens et al.
(2018) find mean contrail lifetime of 3.7 hours using a satellite-based observation study. However,

uncertainty remains given the difficulty of identifying both young contrails on satellite images,
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which do not yet show up on the satellite data, and mature contrails, which have become optically

thin.
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Figure 20: Variation in (a) contrail lifetime and (b) contrail forcing for the results with the full APCEMM lifetime,
and the truncated contrail lifetime (Section 3.2.1.6) for the year 2019.

3.3.1.2. Effect of underlying trends on total global contrail RF

Effect of thermal efficiency on contrail formation

Quantifying engine thermal efficiency, we find the mean engine thermal efficiency increased by
from 0.36 to 0.43 over the period 1980 to 2019, representing an increase of 22% (Figure 21). This
increase in engine thermal efficiency is responsible for an increase in the contrail formation
fraction, since an increase in engine thermal efficiency increases the slope of the Schmidt-
Appleman mixing line, in turn expanding the range of atmospheric conditions under which

contrails can form.

This increase in engine efficiency is responsible for half of the increase in contrail formation

reported in the previous section as shown in Figure 21 and Figure 22. Figure 21 (b) shows the
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fraction of flight segments that lead to contrail formation, assuming uniform engine thermal
efficiencies between 0.2 and 0.5, as well as the engine efficiencies derived from the BADA data
for the aircraft in the current year (Figure 21). This figure shows, that if the thermal efficiencies
had remained constant, but the location and time of emissions had varied as in the flight operation

data, contrail formation fraction would have increased by 16%-18%.
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Figure 21: Distribution of (a) angine thermal efficiency and trends in (b) contrail formation fraction over time. In
figure (b), the “Segment efficiency” represents the calculated efficiency of the flight segment, while the other lines
show contrail formation fraction for a constant thermal efficiency.

This increase is not significantly affected by changes in the background weather data. Figure 22
shows the fraction of flight segments that lead to contrail formation if the 2019 operational patterns
occurred against the weather data from 1980 to 2019. The variation in these data points for each
uniform engine efficiency line is less than 4%, indicating that changes in the atmosphere is

responsible for only a small effect.

As such, other differences in flight operations are responsible for the other half of the change in

contrail formation fraction, such as location, altitude, and time of emissions.
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Figure 22: The fraction of flight segments that lead to persistent contrails if the 2019 emissions occurred with the
weather data from 1980 to 2019. Each line shows contrail formation fraction for a constant thermal efficiency.

Effect of altitude, region, time, and aircraft size

Figure 23 to Figure 25 show how contrail formation fraction, EF/mcontrail, and EF/miiight vary with
various emissions characteristics. These plots include all the evaluated chords from 1980 to 2019.
These factors include latitude, altitude, month, local time of day, as well as aircraft characteristics,
such as aircraft mass, and the mission fuel consumption per mission distance. The mean over the
samples, and the standard error of the mean is plotted in each graph. Only data points where the

relative standard error of the mean is below 15% are included.

The figure shows results for both definitions of lifetime and is normalized by the mean value to
show the trends of each metric for both definitions of lifetime. Collectively, these plots show that

these trends are not sensitive to the selection of the two lifetime definitions.

In interpreting these plots, it is important to note that these plots represent correlation only, since

another underlying factor could be driving both the plotted factor and the contrail impact metric.

77



For example, aircraft size and cruise altitude could co-vary, and increasing contrail impacts could

be driven by aircraft size, or by an increase in cruise altitude.

Contrail formation fraction and subsequent EF impacts co-vary with the altitude and location of
emissions, with the strongest co-variance resulting from differences in flight latitude. These plots
show that both contrail formation fraction and EF/mcontail increase with latitude. As a result,
EF/miignt varies from halfto 2.5 times the mean value, increasing with increasing latitude. Contrail
impacts also vary by altitude. Contrail formation fraction peaks between altitudes of 10 km and 12
km, varying from a quarter of the mean to factor 1.5 of the mean. In contrast, the EF/mcontrail
remains relatively constant (~20% variation), and differences in EF/msight is predominantly driven

by the lower formation fraction.
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Figure 23: Relative change in fraction of flight segments that form contrails, and contrail impacts by altitude and
latitude. Error bars represent the standard error of the mean only.
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Contrail impacts also vary by time of year. For flights occurring in the northern hemisphere, both
the formation fraction, and EF/mcontrail peak during the northern hemisphere winter, leading to a
strong correlation between EF/msight and month, with impacts varying between half and 50%
increase above the annual mean. Since daily emissions are ~10% lower during the winter, this
seasonal sensitivity leads to lower contrail impacts than if flights were distributed uniformly

throughout the year.

Contrail impacts co-vary with time of day, with lowest EF/mcontrait 0Occurring for early morning
flight segments between 4 am and 10 am local time. This could be driven by daytime contrails that
reflect more incoming radiation, leading to a smaller net effect. A lower formation fraction also
occurs during the day, amplifying the co-variance. Some of these differences can also be caused
by differences in flight characteristics between night and day. For example, a higher proportion of
short haul flights occur during the day than during the night, and a higher proportion long haul

flights occur during the night than during the day (Section 2.3.4.2).
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Figure 24: Relative change in fraction of flight segments that form contrails, and contrail impacts by month and
time of day. Error bars represent the standard error of the mean only.
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Aircraft size characteristics, as represented by aircraft mass, and fuel consumption per distance

flown, also co-vary strongly with contrail EF/migh. Both the contrail formation fraction and the

EF/mcontrail contribute to this trend. This could be driven by a variety of underlying differences,

such as differences in time of day or altitude that these aircraft are operated, differences in particle

number emissions index, and differences in region. Further research would be necessary to extract

the effect of aircraft size on contrail impacts.
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Figure 25: Relative change in fraction of flight segments that form contrails, and contrail impacts by aircraft mass
and mission fuel burn by mission distance. Error bars represent the standard error of the mean only.

Contrail results by region

We present our contrail impacts broken out by the world regions defined in Lund et al. (2017a)

(Figure 26). Flight segments are grouped into different regions, and contrail formation and energy

forcing from 1980 and 2019 are extracted for each of the regions.
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Figure 26: Emissions regions defined by Lund et al. (2017a)

In both these years, our results indicate higher formation fraction and EF/mcontrait for flight
segments over Europe (Figure 27). As a result, EF/mnignt 1s also higher over Europe than other
regions. In 1980, the fraction of contrail formation in North America and East Asia were similar.
However, in 2019, the fraction of contrail formation in North America was more than double that
of East Asia, with the fraction of contrail formation increasing over North America and decreasing
over East Asia. Over this time, a substantial proportion of global fuel burn shifted from North
America to East Aisa, with the global share of emissions in North America halving, while the share
in East Asia tripled (Section 2.3.2). Despite this shift in emissions, our global contrail formation
fraction still increased by 32% (Figure 19 (a)). Collectively these trends indicate the global
increase in the fraction of flight segments that cause contrails is not driven by the regional shift in

emissions from 1980 to 2019.

The results also indicate that EF/mcontrail in North America and East Asia remain similar to each
other in both 1980 and in 2019. The EF/mcontrait decreased from 1980 to 2019 for all regions,
indicating that it is also not a regional shift that led to the 24% global mean decrease in EF/mcontrail

indicated in Figure 19.
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Figure 27: Contrail impacts by region in 1980 (top) and 2019 (bottom).

Given the same region definition is used, these results can be compared the regionalized contrail
impacts presented in Lund et al. (2017a). Figure 28 and Figure 29 present a comparison to Lund
et al. (2017a), with Figure 28 presenting Global Warming Potential (GWP). In this figure, our
results from Figure 27 are adapted to normalize by quantity aviation CO2 emissions in the region,
consistent with the values in Lund et al. (2017a). Likely due to the differences in methods, our
GWP results differ from that of Lund et al. (2017a). The largest difference occurs for emissions
over Europe, where our contrail GWP is 6 times larger than that of Lund et al. (2017a).
Additionally, for emissions over North America, our GWP is 3.3 times larger than that of Lund et
al. (2017a). For one region only, the South America and Africa region, our results are smaller than
that presented in Lund et al. (2017a). The larger magnitude of impacts in our study is potentially
driven by our longer the contrail lifetimes. Additionally, the RF estimates from Lund et al. (2017a)

are derived using the global climate model ECHAMS-CCMod. Therefore, their RF results already
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include the rapid feedback of contrails on cloud formation. As a result, their results are more

similar to Effective Radiative Forcing (ERF) (Lee et al., 2020).
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Figure 28: Comparison of our contrail impacts by region to regionalized contrail results presented in Lund et al.

(2017a).

Figure 29 presents a normalized comparison of our results to the regionalized GWP, and Absolute
Global Temperature Potential (AGTP) presented in Lund et al. (2017a). Here the comparison
shows we find a larger variance between regional impacts than the comparison study. Additionally,
this figure shows that the distribution of our normalized regional impacts is more similar to the
regionalized AGWP presented in Lund et al. (2017a), where Lund et al. (2017a) also indicates
higher impacts in North America and Europe, than in other regions. However, given these
differences, this comparison indicates that further work is needed to establish consensus in contrail

impacts by region.
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Figure 29: Comparison of contrail impacts by region to regionalized contrail results presented in Lund et al.
(2017a)

Role of nvPM particle emissions in contrail impacts

Investigating the role of particle number emissions on contrail impacts, Figure 30 shows contrail
formation fraction, EF/mcontrail, and EF/mcontrail for various levels of particle number emissions
index. Similar to Figure 25, these plots include all the evaluated chords from 1980 to 2019. The
mean over all the samples, and the and standard error of the mean is plotted in each graph. Only

data points where the relative standard error of the mean is below 15% are included.

These plots indicate that the contrail formation fraction co-varies with particle emissions index.
Since particle emission index is expected to have little effect on the formation criteria, this trend
is likely driven by a confounder. One possibility is a difference in aircraft characteristics, such as
engine thermal efficiency, where older aircraft could both have lower engine efficiency, and higher

soot emissions than newer aircraft.

In our dataset, the impacts vary with particle number emissions, with EF/mcontrail increasing for

increasing particle number emissions. This result is in line with other studies, which found
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decreasing particle number emissions results in a decrease in contrail impacts (Burkhardt et al.,
2018; Teoh et al., 2020), but differs from another study that found little impact from changing

particle number emissions (Caiazzo et al., 2017).
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Figure 30: How contrail formation fraction and impacts co-vary with particle number emissions index. Error bars

represent the standard error of the mean only.

To control for confounders, an additional set of simulations using a sub-sample containing 10% of

the 100,000 chords in the 2019 dataset are performed. Of these 10,000 chords, 390 lead to

persistent contrails.

These APCEMM simulations are repeated by changing only the particle number emissions index
by a factor of 0.1, 0.5, 2, and 10, respectively, and keeping all other variables the same. Our results
indicate that for a halving or a doubling of ElnvpM,num, the EF/mcontrail changes by -25% or +18%,
respectively (Figure 31). For a 0.1 and a 10 times multiplier on ElnvpM.num the EF/mcontrail changes
by -65% and +68%, respectively. These results are similar to those presented in Burkhardt et al.
(2018), that found a 50% and 90% decrease in initial ice particles leads to a ~20% and ~70%

decrease contrail RF, respectively.
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Figure 31: Changes in contrail impacts due to changes in engine particle number emissions. Error bars represent

the standard error of the mean only.

3.3.2. Total climate impacts over time (APMT-IC)

Using APMT-IC we find that the RF in the year 2019, due to accumulated emissions from
commercial civil passenger aviation industry is 77 mW/m? (5% to 95" percentile range 46 to 107)
(Figure 32). CO2 accounts for 24 mW/m?, while contrails account for 54 mW/m? of the total. While
individual NOx components are large (-16 mW/m? for the NOx related methane forcing and 32
mW/m? for the NOx related short term ozone effects), these components cancel, and NOx is

responsible for only 2.2% of RF in 2019.

However, after 2019, when our simulated emissions have stopped, contrail, aerosols, and
stratospheric water vapor forcing ends, with only the longer-lived forcing components, remaining.
These components include CO2 and the longer-lived NOx effects from methane and ozone
destruction. The year after emissions end, the NOx related impacts, which are cooling, and the

COz, which is warming, are approximately equivalent. As a result, in 2020, total forcing is only 4
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mW/m?. Since the NOx related impacts decay faster than CO, in 2030, 11 years after emissions
stopped in the simulation, 85% of the maximum COz2 forcing remains, while only 41% of the NOx

related ozone and methane forcing remains.

The effect of the radiative forcing persists longer through its effects on global change in surface
temperature. In 2019, total warming attributable to commercial civil passenger aviation is 30
X 1073 °C (range 17.5 X 1073 to 49 x 1073). In this year, a third of this temperature change is
due to COz, and 70% is due to contrails. In 2030, 10 years after emissions and subsequent contrail
forcing has stopped in our simulation, contrails are responsible for 3 X 1073 °C, while COz is
responsible for 10 x 1073 °C. By 2050, 30 years after simulated emissions have ended, almost all
the remaining temperature change is due to CO2 with COz accounting for 8.7 X 1073 °C, and

contrails accounting for 0.6 X 1073 °C.

We additionally present the radiative impact, and temperature change for fuel burn totals from the
IEA, along with emissions indices from our bottom-up emissions inventory (Figure 33 and Figure
34).In 2019, the total RF and total temperature change are 32% and 30% higher, respectively, than
the totals using our bottom-up emissions inventory presented in Chapter 2. This difference is
smaller than the uncertainty range. The magnitude of the RF is similar to those from Lee et al.
(2020) which found net radiative forcing from aviation of 100 mW/m?, however, our net NOx RF
is lower than theirs, due to the inclusion of nitrate aerosol forcing in this thesis. Our study also
results in higher contrail impacts than in Lee et al. (2020), however their study does not present

radiative forcing that continues after emissions stopped in 2018.

These results indicate the importance of emphasizing the metric and time horizon or time
preference used when comparing various aviation climate forcers. As discussed, using
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accumulated RF or temperature change in 2019 as impact metric, contrails seem relatively the
most important forcer, responsible for 70% of the impacts. However, 20 years later, after aviation
emissions have been turned off in our model runs, contrail forcing is zero, while 85% of the
maximum CO: forcing remains. At this time, the temperature change due to CO2 is more than 10

times larger than surface temperature change due to contrails.
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Figure 32: Climate impacts by emissions species for bottom-up emissions inventory from Chapter 2. For the
derivation of these figures, emissions are stopped in the simulation in the year 2020. The plotted RF and

temperature change after the year 2020 are as a result of historical emissions only.
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Figure 33: Climate impacts by emissions species for IEA fuel burn totals and equivalent emissions. For the

derivation of these figures, emissions are stopped in the simulation in the year 2020. The plotted RF and

temperature change after the year 2020 are as a result of historical emissions only.
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3.4. Discussion of uncertainty

The results presented in this chapter are influenced by several uncertainties in contrail modeling.
Firstly, our results rely on a single contrail model. Differences between model results in literature
suggest that using alternative models could yield different trends than those presented here. For
instance, in a multi-model study of global annual contrail impacts, global contrail RF varied from

12.4 to 51.3 mW/m? for the same set of input emissions of the year 2006 (Brasseur et al., 2016).

Another area of uncertainty for contrail modeling lies in the emissions data detailed in Chapter 2,
particularly regarding non-volatile particulate matter (nvPM) number emissions. Accurately
capturing these emissions is important since both our results (Section 3.3.1.2) and other literature
indicate that contrail impacts could be sensitive to nvPM particle emissions (Burkhardt et al., 2018;

Caiazzo et al., 2017; Teoh et al., 2020).

Furthermore, various studies have indicated the need for improved weather data at cruse altitude
(Agarwal et al., 2022; Davis et al., 2017; Jiang et al., 2015; Teoh et al., 2022). Studies have raised
concerns that reanalysis weather data might overestimate water content at cruise altitudes
(Agarwal et al., 2022; Jiang et al., 2015). In contrast, other studies have found ERAS weather data
often appears weakly subsaturated compared to measurements (Gierens et al., 2020; Ridel and
Shine, 2010; Reutter et al., 2020; Schumann et al., 2021; Teoh et al., 2022; Tompkins et al., 2007).
In addition, this thesis identifies additional source of uncertainty due to the coarse weather data
resolution, that introduces complexity in ensuring continuity of water vapor mass around the

contrail in a simulation (Section 3.2.1.6). We show that different methods of applying the weather
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data can lead to a factor 3 change in the resulting global contrail RF from a year of aviation contrail

simulations.

We account for these and other uncertainties in modeling global RF and temperature change due
to aviation in our simple climate model, through a Monte Carlo simulation. This leads to the range
of results presented in Section 3.3.2, which shows global accumulated RF from global passenger
civil aviation ranging from 46 to 107 mW/m? and temperature change ranging from 17.5 x 1073
to 49 x 1073 °C. These sources of these uncertainties are explored further in Chapter 4, where we
present a sensitivity study using first order contribution to variance. This sensitivity study shows
that the largest contributions to output uncertainty arise from equilibrium climate sensitivity, with

contrail RF also being a significant factor.

3.5. Discussion & Conclusion

The present-day cumulative climate impacts due to aviation emissions are quantified in this
chapter, revealing that both the annual radiative forcing and the surface temperature change have
increased from 1940 to present-day due to aviation emissions. We find that in 2019, the
commercial civil passenger aviation industry is responsible for 3-4% of the aspirational 1.5 °C

temperature limit set by the Paris Climate Agreement.

In this year the largest contribution to this temperature change is from contrails, which are

investigated in more detail in this chapter. Our data illustrates notable variations based on location,
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time, and aircraft size. Such variations suggest that flights with specific characteristics might

contribute more significantly to these climate impacts.

Our findings echo the results from some existing research (Burkhardt et al., 2018; Teoh et al.,
2020), supporting the notion that a reduction in particle emissions can somewhat mitigate contrail
impacts, and differ from Caiazzo et al. (2017) which found a decrease in initial ice crystal number
could have little effect on contrail forcing. Similar to Burkhardt et al. (2018), we find a 90%
reduction in particle number emissions corresponds to only a ~70% reduction in contrail Radiative

Forcing (RF).

This reduction has implications for potential mitigation strategies which only focus on reducing
particle number emissions. One such strategy involves the switch to Sustainable Aviation Fuels
(SAF), which are drop-in alternative fuels derived from non-fossil fuel sources. SAF is often touted
as an avenue to mitigate the contrail impacts, since emissions measurements suggest these fuels
could result in lower particle number emissions on the order of 50 to 90% (Beyersdorfet al., 2014;
Moore et al., 2017; Speth et al., 2015; Timko et al., 2010; Voigt et al., 2021). With aviation traffic
growing rapidly, as indicated by the doubling of flight distance from 2000 to 2019 (Table 1), the
reduction of contrail benefits from a 90% reduction in particle number emissions would be

equivalent to 15 years’ worth of growth, assuming a 4% year on year growth rate.

The results presented here suggest that differences in flight characteristics, such location, time,
and aircraft characteristics all play a role in subsequent contrail impacts. This highlights the need
for a reduced-order contrail model to capture the role of these factors in future contrail projections.
In addition, understanding how contrail impacts scale, perhaps in relation to fuel burn, soot, or

flight distance, is an avenue warranting further exploration.
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It is also important to acknowledge the high degree of uncertainty associated with contrail impacts.
This work indicates expanded uncertainty from contrail impacts due to how weather data is applied
in contrail modeling. By accounting for continuity in sub-grid-scale variation over time in our
model, we find contrail impacts are three times higher than if weather data is applied similarly to

other studies.

Furthermore, these results highlight that the impacts from aviation occur on different timescales
underscoring the necessity to explicitly consider timescale when comparing different aviation
climate forcers. To illustrate, comparing the temperature change in the year 2019 due to contrails
and CO2 from cumulative aviation emissions, contrails have a larger effect, accounting for 70% of
temperature change due to aviation. However, 30 years later, almost all the remaining temperature-
change from these emissions are due to CO2 emissions, with CO2 emissions accounting for 10

times the temperature change of contrails.

In summary, this chapter has laid a foundation for understanding the cumulative climate impacts
of aviation emissions, highlighting areas that require further research and attention. Addressing
aviation’s contribution to global temperature change demands both mitigation of contrail impacts

and CO: emissions, as well as further tools to evaluate benefits of changes in these emissions.
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Chapter 4

Climate and air quality costs of
present-day marginal aviation
emissions

4.1. Publication statement and co-authors

The work in this chapter was published in Environmental Research Letters and can be referenced

using the following citation:

Grobler, C., Wolfe, P. J., Dasadhikari, K., Dedoussi, I. C., Allroggen, F., Speth, R. L., Eastham,

S. D., Agarwal, A., Staples, M. D., Sabnis, J., & Barrett, S. R. H. (2019). Marginal climate
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and air quality costs of aviation emissions. Environmental Research Letters, 14(11),

114031. https://doi.org/10.1088/1748-9326/ab4942

The work presented in this chapter was performed in collaboration with various co-authors as listed
in the publication citation above. Notably, Kingshuk Dasadhikari performed the air quality impact
analysis, using GEOS-Chem sensitivities. It was my role to perform the updates to APMT-IC,
evaluate the climate impacts, quantify the uncertainty for both climate and air quality, perform the
sensitivity study, and draft the manuscript. All authors guided the work, commented on the results,

and contributed to the manuscript.

This work represents the first work for this thesis, and the published paper (Grobler et al., 2019)
pre-dates the rest of the work from this thesis. After the work for this chapter was completed,
various updates were made to APMT-IC as updated literature became available. This includes
updates to (1) the contrail-cirrus forcing and subsequent expected atmospheric temperature
response to this forcing (Bickel et al., 2020a; Lee et al., 2020), to explicitly separate out the contrail
RF and ERF; (2) a 15% reduction in the magnitude of the NOx related methane effect to account
for short-wave forcing (Etminan et al., 2016) and (3), to the damage function used to calculate the
cost of global warming. The biggest of these differences is from updating the damage function.
This update is based on more recent work by Howard and Sterner (2017). This damage function is
based on a meta-analysis of a larger number of damage estimates from literature and explicitly
treats dependencies between different underlying studies to avoid overrepresentation of results
from specific studies. This update increased the mean climate damage metrics by a factor ~2.8.

The sensitivity study presented in this chapter (and included in the published paper (Grobler et al.,
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2019)), indicates that the damage function is one of the parameters that leads to the largest

uncertainty in our analysis.

To remain consistent with the published work, this chapter presents the results that are included in
the published paper (Grobler et al., 2019). However, for thoroughness, an additional set of metrics

are also derived using the updated APMT-IC. This set of results is presented in Appendix F.

4.2. Introduction

In addition to aviation’s climate impacts, aviation emissions adversely affect human health (Masiol
and Harrison, 2014) and have been associated with ~16,000 premature mortalities annually

(Eastham and Barrett, 2016; Yim et al., 2015).

Efforts to mitigate the climate and air quality impacts of aviation emissions have historically
focused on technological and operational approaches to improve fuel efficiency (Hileman et al.,
2008; ICAO, 2017; Marais et al., 2013), emissions standards (ICAO, 2016a, 2008), market-based
measures to reduce CO2 emissions (ICAO, 2018; World Bank Group, 2018), or the use of
alternative aviation fuels (Staples et al., 2018). However, reductions of one emissions species can
come at the cost of increasing emissions of another species, either in absolute terms or by limiting
the potential reductions offered by new technologies. For instance, NOx emissions could be
decreased by designing engines with lower combustor temperatures, but this would result in lower
thermodynamic efficiencies, leading to higher CO2 emissions (Lefebvre, 1983; Lieuwen and Yang,
2013). To evaluate the costs and benefits of different policy and technology scenarios, these trade-

offs must be quantified (Mahashabde et al., 2011). The unique characteristics of each emission
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species as well as temporal and spatial variation in their impact patterns further complicate

evaluating such efforts.

Previous impact trade-off studies have focused on various emissions reductions scenarios for non-
aviation sources, primarily at ground-level (Berk et al., 2006; Dedoussi et al., 2019; Driscoll et al.,
2015; Shindell et al., 2016). However, since 91% of all aviation fuel burn occurs during cruise,
applying these results to aviation emissions would lead to incorrect population exposure patterns
due to differences in transport, chemical interactions, and deposition (Barrett et al., 2010a;
Cameron et al., 2017; Yim et al., 2015). In addition, high altitude emissions have different climate
impacts due to the potential for contrail formation, changes in aerosol radiative impacts (Ban-
Weiss et al., 2012), and extended aerosol lifetimes for emissions above the cloud deck (Lund et

al., 2017b).

This gap is partially filled by existing studies which focused on either the climate or the air quality
impacts of aviation. Air quality impacts were calculated for both near ground emissions (Brunelle-
Yeung et al., 2014; Levy et al., 2012b; Masiol and Harrison, 2014; Unal et al., 2005; Yim et al.,
2013) and for cruise or full flight emissions (Barrett et al., 2010a; Cameron et al., 2017; Eastham
and Barrett, 2016; Yim et al., 2015). Climate impact studies typically estimated the total speciated
radiative forcing from one year of aviation emissions (Brasseur et al., 2016; Lee et al., 2009;
Penner et al., 1999; Sausen et al., 2005), or focused on studying one climate forcer, including
specifically contrails (Bock and Burkhardt, 2019; Burkhardt and Karcher, 2011; Chen and
Gettelman, 2016, 2013; Schumann and Graf, 2013) and aviation NOx emissions (Holmes et al.,
2011; Hoor et al., 2009; Kohler et al., 2008; Skowron et al., 2015; Sevde et al., 2014; Stevenson

et al., 2004; Wild et al., 2001). In addition, Lund et al. (2017a) presented regionalized aviation
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impact climate metrics. Freeman et al. (2018) aimed to identify optimal aviation climate policy
considering the trade-offs between NOx emissions and CO2 emissions, disregarding the air quality

impacts from NOx emissions.

While the aforementioned studies are valuable for understanding the emissions-to-impact
mechanisms, they do not enable consistent comparative assessments of aviation emissions trade-
offs considering both climate and air quality impacts. A limited number of studies are available
which focus on evaluating these trade-offs. Mahashabde et al. (2011) evaluated climate, air quality,
and noise trade-offs for a set of specific aviation NOx emissions control scenarios. Dorbian et al.
(2011) presented metrics to evaluate both the climate and air quality impacts of aviation. These
climate metrics are computed per unit of full flight fuel burn, and the air quality costs are quantified
for emissions in the landing and take-off flight phase where only ~10% of fuel burn occurs. As
such, Dorbian et al. (2011) provided a foundation for the climate and air quality assessments of
fuel burn reduction, but disregarded air quality impacts from cruise emissions and did not provide

insights into the emissions trade-offs of different species.

This chapter presents the first set of speciated emissions cost metrics for both climate and air
quality (ground level population exposure to fine particulate matter (PM2s) and tropospheric
ozone) per unit of aviation emissions. To evaluate impacts for different flight phases, we present
metrics for cruise, and landing and take-off (LTO) emissions, defined as emissions above and
below 3000 feet, respectively. In addition, air quality metrics are calculated by world region, so
that the variation of societal costs with local and regional operations, atmospheric conditions, and

population distribution are captured.
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As examples of the utility of these cost metrics, we apply them to evaluate the effects of a global
expansion in aviation, consistent in magnitude with current annual growth in aviation. We use this
as a benchmark for three scenarios. First, we consider a growth scenario with fuel efficiency
increases and reductions in NOx emissions factors consistent with 10-year technology
improvements goals (ICAO, 2007; Lee et al., 2009). Second, we build on the work of Freeman et
al. (2018) and quantify the trade-offs between the climate and air quality impacts of NOx emission
reductions, which are also associated with climate impacts due to increasing CO2 emissions.
Finally, we re-assess the climate and air quality trade-offs of jet fuel desulfurization (Barrett et al.,

2012).

These scenarios demonstrate how decision makers can use the results from this chapter to estimate
climate or air quality impacts of aviation policies, operational procedures, and technologies. As
such, our results aim to enable decision making for the aviation sector. We therefore treat all
aviation emissions as the marginal perturbation beyond emission from all other sectors so that
aviation emissions are assumed to be the only controllable source of emissions. We subsequently

refer to our results as marginal impacts.

4.3. Methods

4.3.1. Aviation Emissions

For this chapter, aviation emissions are calculated using emissions inventories obtained from the
U.S. Federal Aviation Administration’s (FAA) Aviation Environmental Design Tool (AEDT) for

the year 2015 (Wilkerson et al., 2010). AEDT provides fuel burn and emission rates for NOx,
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hydrocarbons (HC), and primary particulate matter, for individual flight segments in space and
time, for all annual commercial civil flights globally. The AEDT inventory contains flights with
total fuel burn at 240 Tg for the year 2015. AEDT has been validated against other aircraft
emissions inventories and its results are found to be consistent with other inventories including
AERO2K and REACT4C (Olsen et al., 2013; Simone et al., 2013). The AEDT emissions constitute

inputs to the air quality and climate modeling approaches presented below.

4.3.2. Climate Impact

Aviation’s contribution to climate change is quantified using the Aviation environmental Portfolio
Management Tool - Impacts Climate (APMT-IC) (Mahashabde et al., 2011; Marais et al., 2008;
Wolfe, 2015, 2012). How this model is applied to calculate the radiative forcing and temperature
change from aviation emissions is described in more detail in Section 3.2.2. For
comprehensiveness, an overview is presented here. Additionally, this section describes how

APMT-IC calculates health, welfare, and ecological costs.

APMT-IC computes probabilistic estimates of aviation’s climate impacts under multiple economic

and policy scenarios, using a quasi-Monte Carlo method with 100,000 members.

As described in Section 3.2.2.3, APMT-IC calculates the radiative forcing (RF) associated with
CO:2 emissions using an impulse response function approach, which models the fraction of a CO2
emissions pulse remaining in the atmosphere as a function of time (Joos et al., 2013). To capture
the sensitivity of these functions to baseline (all-source) CO2 concentrations (Moss et al., 2010),
the impulse response functions for this thesis are derived using the Model for the Assessment of
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Greenhouse-gas Induced Climate Change (MAGICC6) (Meinshausen et al., 2011a) (Section
3.2.2.3). The resulting aviation CO2 RF is computed using the radiative transfer function included
in the Fifth Assessment Report of the IPCC (Myhre et al., 2013, 1998). This approach captures the
climate-carbon feedbacks for aviation CO2 emissions, but does not capture the climate-carbon
feedbacks of non-CO: climate forcers, which likely results in an underestimate of the relative

importance of short-lived climate forcers (Gasser et al., 2017).

RF due to non-CO2 emissions (sulfates, black carbon (BC), water vapor and NOx) are calculated
by tracking their respective direct and indirect effects. These include: a direct black carbon
warming impact; a direct high-altitude water vapor warming impact; a semi-direct fuel sulfur
cooling impact; a multi-scale indirect NOx impact of mixed sign; and contrail and contrail-cirrus
pathways. The short-term indirect NOx impacts cover the short-term formation of nitrate aerosol
(cooling) and production of tropospheric ozone (warming), both of which last less than one year
after emission. Furthermore, NOx increases OH radical concentrations, and thus reduces methane
concentrations, which subsequently reduces tropospheric ozone and stratospheric water vapor
impacts. These methane-related impacts are cooling and develop over the perturbation lifetime of
methane (~11 years) (Wild et al., 2001). Contrails, an indirect impact of emitted black carbon and
water vapor, form when water vapor condenses on particles under sufficiently cold and humid
conditions. Longer-lasting contrails diffuse and take on water vapor from the ambient
environment, leading to large, diffuse contrail-cirrus clouds. Although the exact magnitude of the
contrail-cirrus impact remains uncertain, it has been quantified as a warming impact comparable
to the magnitude of aviation-attributable CO2 RF (Dorbian et al., 2011; Kércher, 2018; Lee et al.,

2009).

101



We base our non-CO:z RF estimates for these pathways on the results from FAA’s Aviation Climate
Change Research Initiative (ACCRI) Phase II report (Brasseur et al., 2016) which compiled RF
estimates from multiple research groups using different climate or chemistry transport models and

satellite observations for contrail estimates.

We scale the BC, H20, contrails, nitrate, and sulfate aerosol RFs calculated in ACCRI to each of
their respective precursor emissions'. We estimate the RF associated with short-term and longer-
lived ozone and methane perturbations due to NOx emissions using the absolute global warming
potentials (AGWPs) and atmospheric lifetimes for each of these three forcing pathways
individually (Hoor et al., 2009; Stevenson et al., 2004; Wild et al., 2001). These indirect NOx
forcing pathways, along with the nitrate aerosol response, cause a net-NOx RF response resulting
from a cancelation of multiple signals at a given time. On net, initially this NOx RF response is

warming, and later switches to cooling.

Other RFs attributable to aviation are not included. RF due to other non-CO> aviation emissions,
including non-methane volatile organic compounds (NMVOC), carbon monoxide (CO), and
organic carbon (OC) have been shown in prior studies to be negligible (Brasseur et al., 2016). The
indirect radiative impacts of aviation emissions on cloud formation are too uncertain to justify

inclusion (Lee et al., 2020; Lund et al., 2017a). Similarly, the impact of aviation-attributable BC

!Contrail impacts are scaled by fuel burn as described in Section 4.3.4.
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on snow albedo is not included here, as it remains highly uncertain for this emissions regime

(Fuglestvedt et al., 2010).

Once RFs have been calculated, APMT-IC converts these to global temperature change using a
probabilistic two-box ocean model (Berntsen and Fuglestvedt, 2008) in combination with the Roe
and Baker (Roe and Baker, 2007) equilibrium climate sensitivity (ECS) distribution. The ECS has
a mean of 3.5 °C for a doubling of CO2 (US Government, 2016), which differs less than 4% from
the IPCC Coupled Model Intercomparison Project 5 (CMIPS) ECS mean of 3.37 °C and falls

within the 1.5 to 4.5 °C range of the [IPCC ARS (Flato et al., 2013).

4.3.2.1. Breaking out RF by flight phase

The climate impacts of full flight emissions are broken out by LTO and cruise flight phases by
considering different literature estimates for each climate forcer. For contrails and stratospheric
water vapor, radiative forcing only results from cruise emissions, therefore we attribute the full
flight radiative forcing from Brasseur et al. (2016) to the cruise flight phase. For black carbon,
sulfate, and nitrate aerosols, ground level estimates from the Intergovernmental Panel on Climate
Change (IPCC) Fifth Assessment Report (ARS) are used for the LTO flight phase. For the cruise
flight phase the fleet-wide LTO RF is subtracted from the fleet-wide full flight RF from Brasseur
et al. (2016) (Table 3). LTO and cruise emissions fractions are obtained from AEDT for the year
2006 to align with the base emissions for the full flight RF from Brasseur et al. (2016). For the
indirect NOx forcing pathways, of short-term ozone, methane, and long-term ozone, radiative

forcing by flight phase is derived from Wild et al. (2001), which presents radiative impacts for
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both full flight and ground emissions. Once again, LTO impacts are found from the ground level
emissions impacts, and the cruise flight phase emissions are found by subtracting the LTO impacts
from the full flight impacts. Finally, we do not include an adjustment for CO2 emissions, since it
becomes well-mixed in the atmosphere, and its long-term radiative impacts are not sensitive to

emissions location. Mathematical details are presented in the Supplement of Grobler et al. (2019).

4.3.2.2. Updates to modelling of background temperature change

Background anthropogenic temperature change, which is temperature change resulting from all
anthropogenic emissions, is necessary to calculate damages from aviation emissions. Previous
versions of APMT-IC computed the background temperature change from background CO2
concentrations. However, this does not account for the contribution of other background climate
forcers, such as N2O, CHa4, and aerosols, on background temperature change. Therefore, this is
updated for the work of this thesis to use temperatures derived using MAGICC6 (Meinshausen et

al., 2011a) for each of the RCP scenarios (Moss et al., 2010).

To ensure consistency within a Monte Carlo draw, the background temperature and aviation
temperature change uncertainty are paired, since uncertainty factors driving a large temperature
response from aviation forcing would likely also result in a relatively high temperature change
from aviation effective radiative forcing. Pairing the background and aviation temperature change

in this way affects the subsequent damages, due to non-linearities in the damage function.

Therefore, the temperature change data is generated using MAGICC6 for the different equilibrium

climate sensitivity values (1.5K, 2K, 3K, 3.5K, 4K, 5K, 6K) for each RCP scenario. For each
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Monte Carlo draw, APMT-IC linearly interpolates the background temperature change from the
MAGICCS6 results. Figure 35 shows the APMT-IC V24b background temperature change for
different RCP scenarios, along with the 5% IPCC Coupled Model Intercomparison Project

(CMIPS) temperature estimates.

12
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Figure 35: Background Temperature Change, with APMT-IC uncertainty based on Roe and Baker (2007). The
shaded regions indicate the [33,67] percentile range and the solid line indicates the mean temperature change. The
skewed distribution is driven by the distribution of the ECS.

4.3.2.3. Climate damages

Finally, APMT-IC uses the calculated global temperature change to estimate the health, welfare,
and ecological costs of anthropogenic climate change using (i) the damage function of the Dynamic
Integrated Climate Economy (DICE) model (Nordhaus, 2017); and (i1) projections of future
economic output from the OECD Shared Socio-Economic Pathways (SSP) (Dellink et al., 2017).

To determine the marginal impact of aviation emissions, damages are computed as the difference
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between damages in a baseline emission scenario, and a scenario where these aviation emissions

are included.

In this chapter, marginal speciated aviation climate impacts are derived from a one kilo-tonne pulse
of aviation fuel burn occurring in 2015. Future damages from this emissions pulse are discounted
using a set of discount rates between 2% and 7%, consistent with widely used policy guidance
(e.g., (OMB, 2003)). To ensure damages are captured for all discount rates, a time horizon of 800

years is used.

4.3.3. Air Quality Impact

We quantify air quality impacts attributable to a marginal increase in existing emissions in terms
of the costs of premature mortalities resulting from population exposure to fine particulate matter
(PM2.5) and tropospheric ozone (O3). We use the adjoint of the GEOS-Chem chemistry-transport
model (Henze et al., 2007) to calculate the sensitivity of global costs due to emissions at any
location. The GEOS-Chem adjoint has been widely adopted to compute the impacts from (i)
combustion emissions in general (Barrett et al., 2015; Dedoussi and Barrett, 2014; Lee et al., 2015;
Turner et al., 2015); and (ii) aviation emissions on a global and regional level (Ashok et al., 2014;
Gilmore et al., 2013; Koo et al., 2013). Impacts are calculated using the sensitivities and AEDT
emissions of NOx, SOx, HC, CO, BC, and OC for flight operations in 2015. Results are divided by
emissions to produce the cost per unit of mass emitted. Direct air quality impacts of COz2, contrail-

cirrus, and water vapor emissions are considered negligible and not quantified here.
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Adjoint simulations are performed on a GEOS-Chem global 4° X 5° model resolution (latitude X
longitude) and 47 vertical hybrid sigma-eta pressure levels extending from the surface to 0.01 hPa,
resulting in a ~550 m grid height at cruise altitude. The model uses meteorological data from
NASA Global Modeling and Assimilation Office, produced using the Goddard Earth Observation
System (GEOS-5.2.0) for the year 2009. The EDGAR 4.3.1 and NEI 2011 emissions inventories
are used for all anthropogenic sources of non-aviation emissions (Crippa et al., 2016; US EPA,

2015). NOx emissions from lightning are calculated based on Murray et al. (2012).

We compute population exposure using the LandScan population density product, defined at
approximately 1 km (30” x 30”) spatial resolution globally (Oak Ridge National Laboratory,
2015). Premature mortality impacts are estimated for PM2.s and ozone by applying concentration
response functions (CRFs) from epidemiological literature. For PM2s, we estimate changes in
cardiovascular disease mortality using the concentration response data from Hoek et al. (2013).
For ozone, we calculate changes in respiratory disease mortality using concentration response data
from Jerrett et al. (2009), consistent with the World Health Organization Global Burden of Disease
calculations (GBD 2016 Risk Factors Collaborators, 2017). These CRFs are applied for population
exceeding 30 years of age and considering the 2015 baseline incidence data from the World Health

Organization (WHO, 2018).

Finally, following Barrett et al. (2012), the societal impacts associated with premature mortalities
are monetized using a country-specific Value of Statistical Life (VSL) approach. We conduct
income-based country adjustment to the 1990 US VSL (US EPA, 2014) by applying an income

elasticity of 0.7 (US EPA, 2016) on the basis of the Worldbank GDP in PPP per capita for 2015.
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Using this adjustment, the US VSL in 2015 is USD 10.2 million. An additional set of results are

calculated using a global population-weighted average VSL of USD 3.81 million.

As per EPA recommendations (US EPA, 2004), we include a cessation lag between time of
exposure and mortality. 30% of mortalities are assumed to occur in the first year after emission,
50% are uniformly distributed between 2 and 5 years after emission, and the remaining 20% are
uniformly distributed 6 to 20 years after emission. Future damages are discounted using a set of

discount rates between 2% and 7%.

We quantify four sources of uncertainty in monetized air quality impacts using quasi-Monte Carlo
simulations with 100,000 members. These uncertainties include uncertainties attributable to (i)
atmospheric modeling in GEOS-Chem, (ii) the concentration response functions, (iii) VSL

estimates in 1990, and (iv) income elasticity of VSL.

Firstly, uncertainty in GEOS-Chem ground-level concentration changes is bounded by
comparisons to other models for this regime and to in-situ measurements. The uncertainty in the
response of ground level ozone concentration to aviation emissions is derived from an inter-model
comparison of aviation’s impacts on air quality (Cameron et al, 2017). Due to the large stochastic
variability included in the outputs of coupled Climate Response Models (CRMs), we only include
the output from the Chemical Transport Models (CTM) and uncoupled runs of the Climate
Response Models (CRM) reported in Cameron et al. (2017). The GEOS-Chem ozone response
(0.43 ppbv) differed by less than 5% from the multi-model mean of 0.41 ppbv, while the standard
deviation between the model outputs was 20% of the mean value. Using this result as guidance,
we add a multiplicative uncertainty to ozone concentration using a triangular distribution with a

central value of one and a standard deviation of 0.2. The upper bound of uncertainty (2.0)
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associated with the changes in PM2.s concentration at ground level (AXy ;i pm, ) 1s also derived

from Cameron et al. (2017), where the GEOS-Chem average ground-level PMa2s concentration
due to aviation emissions is half of that reported by the other two CTM models. The lower bound
of uncertainty (0.36) is set by comparisons between in situ concentration measurements and
GEOS-Chem output for all-source emissions, where studies have found GEOS-Chem
overestimates the annual average nitrate PM2.s by up to 2.8 times over most of the US (Heald et
al., 2012; Walker et al., 2012). Using these two results, we add a multiplicative uncertainty to the
PM: 5 concentration with a triangular distribution with a minimum value of 0.36, an upper bound

of 2.0, and a mean value of 1.0.

Secondly, uncertainty in the concentration response is modeled by applying a triangular
distribution to the slope of the CRF, based on the central value and 95% confidence intervals
reported in the epidemiological literature (Hoek et al., 2013; Jerrett et al., 2009). We do not
consider alternative CRFs in our uncertainty bounds. In particular, the CRF from Turner et al.
(2016) could lead to larger ozone-related air quality impacts, because it considers annual average
concentrations, and not only summertime concentrations (Jerrett et al., 2009). Since aviation’s
impacts on ozone peaks during winter (Cameron et al., 2017; Eastham and Barrett, 2016), this

could increase the estimated air quality impacts of aviation.

Thirdly, uncertainty in the 1990 US VSL is modeled using a Weibull distribution, based on the
1990 US EPA estimate (US EPA, 2014). Finally, we model uncertainty in income elasticity by
applying bounds of 0 and 1.4 on a triangular distribution (Robinson and Hammitt, 2015; US EPA,

2016).
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We do not quantify the error due to model resolution or uncertainty in relative toxicity of the PMz s
components. Although the 4°X5° model resolution does not allow us to capture localized
emissions peaks in highly populated regions near airports (Arunachalam et al., 2011; Fenech et al.,
2018; Li et al., 2016; Thompson et al., 2014), this is likely to affect only LTO emissions and is
difficult to correct for without higher-resolution simulations. Regarding species toxicity we follow
EPA practice and assume equal toxicity between the PMa.s species, although there is evidence for
BC toxicity to be up to ~10 times higher than for other PM2 s species (Hoek et al., 2013; Levy et

al., 2012a).

4.3.4. Normalization of impacts

Our results are presented on a per mass of emissions basis, to facilitate their use in quantifying

emissions trade-offs.

Since contrail formation is driven by multiple characteristics of aircraft emissions, no clear
normalization approach is evident. Previous literature normalized these impacts by unit of fuel
burn or CO2 emitted (Dorbian et al., 2011; Fuglestvedt et al., 2010; Lund et al., 2017a), or by total
flight distance (Fuglestvedt et al., 2010; Lund et al., 2017a). However, neither method captures the
(1) role of soot; (ii) dependence on the water vapor emissions factor through changes in fuel type;
(ii1) strong spatial and temporal dependence resulting from relative humidity patterns, cloud cover,
and time of day; (iv) increase in contrail formation likelihood with increased engine efficiency; or
(v) dependence on size of the aircraft (Lund et al., 2017a; Paoli and Shariff, 2016). Since no other

method has been proposed, we present the results in this chapter using the established
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normalization methods. This is with the explicit caveat that these results, as well as the other short-
lived emission results, are unlikely to apply for emissions patterns dissimilar to the present day,

and for contrails in case of significant changes in engine efficiency or technology.

4.3.5. Determining model sensitivity

For both climate and air quality, additional analysis is performed to quantify the contribution of
uncertainty in each variable to overall uncertainty in the output. To calculate the contribution to

variance of each uncertain input variable, we estimate total effect indices (St;) using Saltelli’s

method (Saltelli et al., 2008). These indices indicate the fractional contribution of each uncertain
input variable to the output variability, both through its direct (first order) contribution, as well as

through its interaction with other variables (see Appendix E.S8).

Using this method, the St, values are only approximate, because these values are based on Monte

Carlo simulation. To ensure adequate convergence, we use a sobol’ set with N=100,000 to draw
the initial (N, 2k) matrix for the climate results, and for air quality we use 1,000,000 members to

derive this sensitivity study.

4.4. Results and Discussion

4.4.1. Global Results

Table 4 presents the globally averaged marginal air quality and climate costs of emissions based

on global full flight emissions. These values can be used for analyzing the climate and air quality
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impacts associated with a spatially and temporally homogenous change in global emissions. Costs
are in 2015 USD and mass is reported in metric tonnes. The climate and air quality results are
presented for a discount rate of 3% and results for discount rates of 2%, 2.5%, 5%, and 7% are
provided in Appendix E. The air quality results are found to change by 3% to -11% for discount

rates of 2% and 7%, respectively.

Table 5 presents cost metrics broken down by flight phase. Climate and air quality results are
presented for a 3% discount rate. Air quality results are presented for country specific VSL with
metrics for globally averaged VSL presented in Appendix E. The results indicate that the largest
climate impacts per unit of emission occur in cruise, most likely due to increased atmospheric
residence time of emissions at altitude. In contrast, the largest air quality impacts per unit of
emission are identified during the LTO phase, due to the co-location of airports and population
centers. However, because ~90% of fuel burn occurs in cruise, cruise emissions still dominate the

air quality impact.

The (near-ground) social cost of emission results from Shindell (2015) fall within the 5%-95%
percentile uncertainty bounds of the LTO results presented here, with the exception LTO NOx
climate results. Shindell’s (2015) climate NOx results are between ten to twenty times smaller than
our estimate. This difference has a small impact on the overall results since the climate NOx impact
is at least two orders of magnitude less than the air quality NOx impact. The difference is likely
due to the cancelling of warming and cooling NOx radiative pathways (see Sec 4.3.2), leading to a
small net NOx climate costs, and subsequent large percentage differences of net radiative impacts

between different sources (Fuglestvedt et al., 2010; Myhre et al., 2013).
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Table 4: Global aggregate climate and air quality metrics considering a 3% discount rate.

[$ per metric tonne emission (2015 USD)]. 5th and 95th percentile results are presented in brackets.

Climate Total**
Country Specific VSL Globally Averaged VSL
CO; [$/tonne CO3] (6.7 ?05120) N/A NiA 6.7 fo5120)
NO,"  [$/tonne NOx as NO:] 910 23,000 22,000 22,000
(-2,500 to -120) (3,500 to 72,000) (3,400 to 71,000) (2,500 to 71,000)
Contrail-Cirrus*  [$/tonne Fuel Burn] (10 t%)223 0) N/A N/A (10 ti2230)
Contrail-Cirrus*  [$/Flight km] o 80 " N/A N/A (0.022-3030.64)
Fuel Sulfur  [$/tonne ] (-47,0_015g 120-02,400) (4,7003?5010000,000) (4,800338010100,000) (_25,053 ’2,038,000)
BC [$/tonne BC] (6,8051 28010300,000) (1,80(1)12? 22,000) (1,60(1)2&?2(1),000) (17,00(6) lt(? (1)(5)0,000)
H,O  [$/tonne H20] 03 62£ 6.7) N/A N/A (0.362&5) 67)
NMVOC  [$/tonne NMVOC] N/A (L.10 L 000) (530 f(’)zf;)’ooo) o ’1007;(7)0201 o0
CO [$/tonne CO] N/A @3 fg% 60) (36 fg %70) @ %2%60)
OC  [$/tonne OC] N/A ( ,50(1) lu? (3)(7),000) (1,4009£0304,000) (1,5001 13 03(;,000)
Total Cost  [$/tonne Fuel Burn] (30%3 (;30) (56 tf)6£200) (55 t(3)510,100) (180 t506(1),400)

Climate impacts of NMVOC, CO, and OC were not quantified. Similarly, air quality impacts of CO2, contrail-cirrus, and H20 were not quantified. These are indicated as not

available (N/A) in the table.
T Net-NOx climate results are calculated as the sum of the impact of four indirect NOx pathways. These individual pathways are tabulated in Appendix E.

* Note that either normalization (per tonne of fuel burn or per flight km) must be used exclusively. For engine technology and fuel properties sufficiently different from current

patterns, contrail-cirrus impact scaling remains highly uncertain (See Section 4.3.4).

** Total calculated for Country Specific VSL



We further compare our full-flight climate results to Dorbian et al. (2011), and find that for all
forcers, uncertainty bounds between the two studies overlap, with their central estimate for cirrus
and total fuel burn metrics falling within our uncertainty bounds. However, the absolute value of
their NOx, sulfur, BC, and stratospheric water vapor results exceed our uncertainty bounds. This
can be attributed to updated radiative forcing assumptions for the short-lived climate forcers and

the inclusion of a nitrate cooling pathway as a NOx-related impact (Brasseur et al., 2016).

Table 5: Cost metrics broken down by flight phase. $/tonne of LTO and cruise emission (2015 USD). 5" and 95"
percentile results are presented in brackets.

Landing and Take-off Cruise
Climate Air Quality Climate Air Quality
45 45
CO; [$/tonne CO,] (6.7 to 120) N/A (6.7 to 120) N/A
NO [$/tonne NO, 2590 37,000 2940 21,000
x as NO»] (-1,600 10 -81) (5,900 0 98,000)  (-2,600 to -120) (3,600 to 66,000)
Contrail-  [$/tonne Fuel 92
Cirrus* Burn] N/A N/A (11 to 260) N/A
Fuel Shonne S| 22,600 32,000 220,000 30,000
Sulfur onne (7,000 t0 -360) (5,200 to 88,000)  (-53,000 to -2700) (5,300 to 97,000)
18,000 66,000 52,000 7,000
BC [$/tomne BCT 5 100 10 52,000) (10,000 to 170,000) (7,500 to 140,000) (1,200 to 22,000)
28
H,0 [$/tonne H,0] N/A N/A 0411075 N/A
[$/tonne 19,000 2,300
NMVOC  \mvoc) N/A (3,000 to 49,000) N/A (390 to 7,000)
520 200
co [$/tonne CO] N/A (50 6 1.400) N/A (3210 620)
110,000 7,000
0c [$/tonne OC] N/A (16,000 to 270,000) N/A (1,200 to 22,000)
Total [$/tonne Fuel 130 590 210 340
Cost Burn] (20 to 340) (96 to 1,600) (31 to 560) (57 to 1,100)

Results are for a 3% discount rate. For air quality, only results derived using a country specific VSL are presented here.
Climate impacts of NMVOC, CO, and OC were not quantified. Similarly, air quality impacts of CO2, contrail-cirrus, and H20
were not quantified. These are indicated as not available (N/A) in the table.

* For engine technology and fuel properties sufficiently different from current patterns, contrail-cirrus impact scaling remains
highly uncertain. See Section 4.3.4 for details.
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The reduced-order climate metrics presented here are calculated for 2015 background atmospheric
composition and surface temperature. Under the RCP 4.5 and SSP 1 scenarios, future background
temperature change and global GDP are both projected to increase, leading to increased marginal
damages in the non-linear DICE climate damage function. Therefore, when used for future
emission years, the climate cost estimates increase by 2% per year for CO2 which has a long
lifetime, and by 4.7% per year for short-lived forcers (assuming a 3% discount rate). A full
overview of these “adjustment rates” for future emission years is presented in Appendix E.
Similarly, we expect the VSL to increase by 2.5% per year, assuming an income elasticity of 0.7

and average year on year growth in GDP as in the SSP 1 scenario (Dellink et al., 2017).

The air quality costs presented in Table 4 are presented for both country-specific and globally
averaged VSL while results in Table 5 are derived based on country-specific VSL values only.
When uniformly applying the global average VSL value, we find less than 10% difference for the
cruise impacts, whereas the estimates for the LTO phase decrease by 30% to 50%. This difference
between LTO and cruise is likely due to the more localized nature of LTO emissions and their

impacts (Yim et al., 2015).

For quickly analyzing scenarios in which fuel burn totals change but emissions composition and
distribution remain approximately constant (e.g., operational improvements, sector growth,
market-based measures reducing aviation operations), we present the climate and air quality cost
per unit of fuel burn. Following Dedoussi et al. (2019) we refer to these costs as the Climate and
Air Quality Social Cost (CAQSC) per unit of fuel burn. These are calculated from the speciated

cost metrics presented above.
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Table 6 presents CAQSC for each flight phase, Figure 36 presents the results for the full flight
emissions, while Figure 37 presents the breakdown of full flight CAQSC by flight phase. The
results indicate that ~90% of the CAQSC results from cruise emissions. NOx, COz2, and contrails
are collectively responsible for 58, 25, and 14% of the overall cost, respectively, totaling 97%. Air
quality impacts account for 64% of total impacts, which is highly sensitive to the discount rate
given the long-term nature of climate impacts as compared to the short time scale for air quality
impacts (driven by 20-year cessation lag). As such, a 2% discount rate reduces the contribution of
air quality impacts to 50%, and a discount rate of 7% increases the contribution of air quality
impacts to 80%. Furthermore, 63% of the air quality portion of the full flight CAQSC is caused by
the PM2s impact pathway with the remainder caused by the ozone pathways. This result is
consistent with Eastham and Barrett (2016) who found that 58% of the premature mortalities

attributable to aviation are due to PMa.s exposure, with the remainder from ozone.

Both the speciated costs and the CAQSC are derived using a marginal impacts assessment (see
Section 4.3.2.3). Due to non-linearities in climate and air quality responses, the marginal costs
differ from the average cost of a unit of emission. The latter would be derived by apportioning the
global all-sector damages to the emissions in question and would be used for determining
aviation’s fractional contribution to global anthropogenic damages. As discussed in Section F.6.,

the marginal costs of the aviation-attributable impacts are approximately double the average costs.
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Table 6: CAQSC of aviation fuel burn. $/tonne of fuel burn in flight phase (2015 USD). 5" and 95" percentile

results are presented in brackets.

Landing and . Full Flight
Cruise
Take-off Climate Air Quality Total
140 140 140 140
€0, (21, 370) (21, 360) (21, 360) NA (21, 360)
NO 550 300 14 340 330
x (70, 1600) (35, 1000) (-37,-1.8) (52, 1100) (38, 1100)
Contrail- 0 92 82 N/A 82
Cirrus* (11, 260) (10, 230) (10, 230)
Fuel Sulfur 18 6.3 11 18 7.6
(0.92, 58) (-18, 52) (-28, -1.4) 2.8, 62) (-15, 53)
Be 4.1 2.1 1.7 0.5 22
(0.98, 11) (0.48, 5.2) (0.25,4.5) (0.067, 1.6) (0.6, 5.3)
35 3.1 3.1
H0 0 (0.51,9.3) (0.45,8.2) NA (0.45,8.2)
1 0.27 1.2 1.2
NMVOC (1.6, 31) (0.042, 0.85) NA (0.17, 3.4) (0.17, 3.4)
43 0.39 0.72 0.72
o (0.62, 12) (0.06, 1.2) NA (0.11,2.1) (0.11,2.1)
0.77 0.1 0.16 0.16
oc (0.098,22)  (0.015,0.37) NA (0.022,0.53)  (0.022, 0.53)
Total Cost 730 550 200 360 560
(180, 1900) (170, 1400) (30, 530) (56, 1200) (180, 1400)

Results are for a 3% discount rate. Results for alternative discount rates can be found in Appendix E. The air quality results are based on a

country specific VSL.

Climate impacts of NMVOC, CO, and OC were not quantified. Similarly, air quality impacts of CO,, contrail-cirrus, and H,O were not
quantified. These are indicated as not available (N/A) in the table.
* For engine technology and fuel properties sufficiently different from current patterns, contrail-cirrus impact scaling remains highly uncertain.
See Section 4.3.4 for details.
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Figure 36: Climate and air quality costs per unit fuel burn for 3% discount rate
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Figure 37: Breakdown of full flight CAQSC by flight phase and species
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4.4.2. Results for Regional Emissions

The global metrics presented in Section 4.4.1 do not capture regional differences in the climate
and air quality sensitivities to a unit of aviation emissions. In turn, the results can only be used to
analyze homogenous global trends or policies. Regionalized air quality metrics, which quantify
global damages due to homogenous changes in emissions in a region, can be used to analyze future
aviation scenarios with shifting geographical traffic distributions, policy interventions in selected
regions, or heterogeneous adoption of new technologies across the globe . Regionalized climate
metrics are not presented. Even though regionalized physical impact metrics exist (Lund et al.,
2017a), very high uncertainty remains regarding the quantification of regionalized damages

(Nordhaus, 2017).

Figure 38 presents air quality results for regionalized full flight emissions, and Table 7 shows
results for regionalized emissions metrics by flight phase. The results show that the highest cost
per unit of emissions is for emissions over Europe. For the cruise flight phase, this remains true
regardless of whether global or country-specific VSL is used (Appendix E) which likely points to
the transport of cruise emissions and their chemical products by prevailing westerly winds from
Europe to the populous Asia-Pacific region. For LTO emissions, the magnitude of the impacts
varies significantly with the VSL assumption (Appendix E), with costs decreasing by a factor of

two in Europe, North America, and the US under a globally averaged VSL assumption. This is

T Since the impacts are presented averaged over the region, the metrics must still be used with caution when evaluating
highly localized (in space or time) trends (e.g. an individual route).
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because the costs of LTO emissions are more localized and therefore driven by local characteristics

such as local VSL and population density.
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Figure 38: Regionalized Air Quality Metrics: $/tonne of full flight emission

Table 7: Regionalized LTO and Cruise Air Quality Cost Metrics

LTO Cruise
Asia- North Asia- North
Pacific Europe America USA Pacific Europe America USA

NO« gt/g)glzl]e NOx 44,000 67,000 18,000 20,000 19,000 31,000 23,000 24,000
Sulfates [$/tonne S] 37,000 52,000 20,000 24,000 25,000 42,000 31,000 33,000
BC [$/tonne BC] 83,000 120,000 41,000 50,000 5,700 11,000 7,200 7,400

[$/tonne
NMVOC NMVOC] 18,000 56,000 7,400 8,000 2,000 3,200 2,400 2,400
CO [$/tonne CO] 480 1,100 380 400 180 270 220 220
OoC [$/tonne OC] 110,000 190,000 60,000 76,000 5,700 11,000 7,200 7,400
Total [$/tonne Fuel 720 1,100 280 320 310 480 330 360

Burn]

Uncertainty and results for globally averaged VSL can be found in Appendix E.
The region represents where emissions occur and does not necessarily correspond to where the impact occurs.
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4.5. Model Sensitivity and Uncertainty

The sensitivity of the climate and air quality metrics to each uncertain parameter considered in this
thesis is estimated by deriving total-effect indices. These indices represent the fraction of the total
output uncertainty attributable to an uncertain input variable though both its direct (i.e., first-order)
contribution to output variance, as well as the higher-order effects due to its interactions with other

variables (Saltelli et al., 2008).

For the climate impacts, we find the uncertainty associated with the equilibrium climate sensitivity
and the climate damage function to be the largest contributors to overall outcome uncertainty, with
total effect indices of 0.64 and 0.45, respectively. For the air quality impacts, we find the
uncertainty associated with the VSLioo to be the largest contributor to uncertainty, with a total-
effect index of 0.85. Uncertainty in the GEOS-Chem PM2 5 concentration and income elasticity
have total-effect indices of 0.12 and 0.13, respectively, while other uncertainties each have indices

of 0.07 or less. Total-effect indices are tabulated in Appendix E.8.

Because higher-order effects are included in the total effect indices for each variable, the sum of
all the total effect indices may exceed one. For the climate model, the sum over all the total-effect
indices was 1.16, while for air quality the sum was 1.15, indicating significant effect interaction.
An additional discussion on uncertainty, Monte Carlo convergence, as well as sensitivity to RCP

and SSP scenarios is Appendix E.
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4.6. Example use: Analysis of Aviation Growth and

Mitigation Scenarios

The results presented in previous sections can be applied to support decision making about
policies, operational procedures, and technologies in the aviation sector. Here we present analyses
of the climate and air quality impacts of global air traffic growth as well as three approaches which
could reduce these impacts. These approaches include (i) fleet improvements; (ii) NOx stringencies

with a COz trade-off; and (iii) fuel desulfurization.

4.6.1. Uniform emissions growth of 4.7%

Aviation passenger traffic is projected to grow at 4.7% per year (ICAO, 2016b). If emissions grew
at the same rate throughout all markets and if there were no improvements in fuel efficiency
throughout the global fleet, annual fuel burn would have increased by 11 x 10° tonnes from 2015
to 2016. Further assuming no changes in emission composition, this fuel burn increase would have
been attributable to total climate and air quality costs at 6,400 million USD (90% confidence

interval 2,000 to 16,000).

4.6.2. Growth of 4.7% with improved aircraft entering fleet

Over the history of aviation, new aircraft with system level design improvements have
continuously entered the fleet. Assuming (i) new aircraft are delivered to match growth; (ii) these
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aircraft have NOx emissions indices 45% below the current fleet average, to meet ICAO targets?;
and (ii1) these aircraft also have a 10% reduction in CO2 intensity per seat mile below fleet
average’, we could have reduced the additional costs of growth from 2015 to 2016 by 1,800 million
USD (90% confidence interval 360 to 5,760) to 4,600 million USD. In turn, the climate and air
quality costs of a year’s aviation traffic growth could be offset by replacing ~12% of the fleet
average with new aircraft. This percentage could be lower if the oldest, most polluting aircraft are
replaced first and if additional climate and air quality impacts of reductions in other emissions

species were considered.

4.6.3. NOx stringencies

Engine level NOx stringencies have been considered to achieve NOx reduction targets (ICAO,
2016a). However, the benefit of such stringencies is limited in part by a fundamental NOx-CO2
trade-off. Higher combustor temperatures result in increased thermodynamic efficiency, thereby
reducing fuel burn. However, higher combustor temperatures also lead to increased NOx

formation, as described by the Zeldovich mechanism (Kundu et al., 1998).

t Consistent with the ICAO target set for NOx reductions for 2016 in production aircraft when compared to 2006
(ICAO 2007).

§ Consistent with a ~1% per year improvement in CO2 intensity per seat mile over 10 years (Lee et al. 2009).
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Freeman et al. (2018) studied the optimal climate policy of this trade-off and assumed a baseline
case where a 20% reduction of aviation NOx leads to a 2% increase in CO2 emissions. We build
on this work and calculate the climate and air quality impacts of introducing new aircraft into the
fleet that achieve these goals relative to the fleet average, neglecting any other changes in
emissions which might be associated. Again, we assume new aircraft to be delivered to match
growth homogenously throughout all markets. We find the costs associated with the CO: increase
to be 32 million USD (90% confidence range 4.8 to 82), and the benefit of the NOx decrease to be
730 million USD (90% confidence range 80 to 2,500). This yields a net benefit of 700 million
USD (90% confidence range 58 to 2,500) during the first year of operation of the new aircraft.
While this result suggests that stricter NOx regulation is likely net-beneficial from a climate and
air quality perspective, a full cost benefit analysis needs to account for additional issues such as

feasibility constraints, development costs and the increase in fuel requirements.

4.6.4. Ultra-low fuel sulfur

Another approach for reducing emissions from the aviation sector is sulfur removal from jet fuel
(Barrett et al., 2012). Sulfur, an element naturally occurring in fossil fuels, is currently estimated
to be present in jet fuel at a concentration of 550 to 750 ppm, which exceeds the 15 ppm of standard

US highway diesel.

Reducing the fuel sulfur content from the assumed average 600 ppm to 15 ppm would reduce fuel
sulfur emissions of one tonne fuel by 0.585 kg. At the same time, Barrett et al. (2012) estimated

fuel sulfur removal to result in a 2% increase in the life cycle COz-equivalent (COze) emissions,
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predominantly due to decreased refinery efficiencies. We find COze emissions increase by 75kg
COze/tonne fuel by assuming a specific energy of 43 MJ/kg. In sum, we find fuel desulfurization
to result in a combined climate and air quality benefit of 10.8 USD/tonne fuel burn (90%
confidence interval -11 to 55). Assuming this low fuel sulfur is used in all flights, the total annual
benefit would be 1,000 million USD (90% confidence interval -4,300 to 12,000). However, the
uncertainty bounds show that desulfurization could also lead to a disbenefit, due to the loss of

climate benefits of cruise level sulfur emissions.

Given the localized air quality impacts of sulfur emissions during LTO, one can expect the benefits
of jet fuel desulfurization to be particularly high for the LTO cycle in Europe (Section 4.4.2). If it
were possible to remove sulfur only from fuel used during LTO in Europe, the combined climate
and air quality benefits would be 26 USD/tonne fuel burn (90% confidence interval -1.2 to 82).
This benefit is more than double the sulfur removal benefit per unit of global full flight fuel burn,
suggesting it could be beneficial to use low sulfur fuel on short flights in the European region.
However, a full cost benefit analysis would be required to analyze the net societal benefit of this

approach (e.g., Barrett et al. 2012).

4.7. Summary and conclusions

This chapter presents a method for comparing the climate and air quality impacts of aviation
emissions, by estimating the social costs per unit of emitted mass by species. The cost metrics are
broken down by flight phase and by the region of emission, both per tonne of emission and per

tonne of fuel burn (the CAQSC metric).
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4.7.1. Limitations of current approach and future research needs

Our results are applicable for the assessment of marginal changes in aviation emissions
inventories, such as short- or medium-term changes in air traffic, or advancements in aircraft
technology or operations. However, the results presented here are not applicable to evaluate all

emissions scenarios and exclude the impact of some uncertain factors.

Firstly, the results presented would not be applicable for evaluating certain emission scenarios.
These scenarios include highly localized emissions changes, e.g., resulting from in-flight altitude
or changes in flight tracks. Additionally, our results are not applicable to evaluate changes in
contrail impacts due to changes in engine or fuel technologies. To capture contrail impacts over a
wider range of emissions scenarios, development of a more representative scaling method for
contrail impacts would be necessary. Given the large impact of contrails (14% of impacts, see

Table 6), this remains a major research need.

Secondly, our results do not consider the impacts associated with some uncertain physical
modeling aspects. Our climate results exclude the impact of climate-carbon feedbacks, the impact
of differing temperature responses due to different climate forcers, and the impact of aerosol-cloud
interactions. In particular, aerosol-cloud interactions could have a large impact on results, but the
scientific literature has yet to agree on the sign of this impact (Lund et al., 2017a). Moreover, the
impacts due to BC are likely underestimated in this work, resulting from (i) the exclusion of BC
radiative impact on albedo changes (Sec 4.3.2), (ii) not accounting for differential toxicity in air
quality impacts, and (iii) the use of a large modeling grid (Sec 4.3.3). Further advances in
epidemiological, atmospheric modeling research, and computational efficiency are necessary to

include these effects.
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Third, derived uncertainty bounds for the cost metrics remain large, ranging from 10% to 200% of
the mean cost values. Only two physical modeling factors, equilibrium climate sensitivity and
contrail RF, contribute significantly to this uncertainty, while monetization of impacts induces
significant uncertainty for both the climate and the air quality results. For air quality, this
uncertainty is largely associated with the value of statistical life, while for the climate model, the
uncertainty results from the damage function. For this chapter, we apply the DICE damage
function and its uncertainty, which is derived from 26 underlying studies (Nordhaus, 2017).
However, we note an even larger range of values has been reported in literature, with central social
cost of carbon estimates ranging from 36 [2007] USD to 417 USD/tonne (Pindyck, 2019; Ricke et
al., 2018; US Government, 2016). This suggests further research into these valuation methods is

necessary to further reduce uncertainties.

Finally, different economic valuation approaches can have significant impacts on our results. For
instance, some regulators use the Value of Life Years (VOLY) lost instead of VSL to quantify the
costs associated with air pollution. Since air quality damage disproportionally affects an older
segment of population, a VOLY approach will likely lead to lower air quality impacts. For
example, Tollefsen et al. (2009) find the air quality damages of a VOLY approach to be 64 to 68%

of the VSL impacts.

4.7.2. Research application

Using the stated assumptions, results from this chapter indicate that three components are

responsible for 97% of climate and air quality damages per unit fuel burn, with individual
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contributions of NOx at 58%, CO2 at 25%, and contrails at 14%. These species can subsequently
be seen as primary targets for future strategies to reduce the atmospheric impacts of aviation

emissions.

To reduce the climate impact of aviation, measures aimed at reducing CO2 emissions and contrails
are expected to lead to the greatest net climate benefit. In contrast, we find 94% of air quality
impacts (which are 64% of total impacts) to be driven by NOx. This suggests that measures aimed
at reducing NOx emissions could lead to the greatest net benefits, even if such measures lead to a

small but uncertain climate NOx disbenefit and small increase in CO2 emissions.

Collectively the results presented in this chapter can enable policymakers and aviation
stakeholders to rapidly evaluate benefits of emissions interventions, thereby enabling rational,
data-driven decisions as the industry aims to mitigate the increasing emissions identified in

Chapters 2 and 3.
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Chapter 5

Cost and emissions pathways
towards net-zero climate
impacts in aviation by 2050

5.1. Publication and contributors

The work in this chapter was published in Nature Climate Change and can be referenced using the

following citation:

Dray, L., Schifer, A. W., Grobler, C., Falter, C., Allroggen, F., Stettler, M. E. J., & Barrett, S. R.

H. (2022). Cost and emissions pathways towards net-zero climate impacts in aviation.
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Nature Climate Change 2022 12:10, 12(10), 956-962. https://doi.org/10.1038/s41558-

022-01485-4

The work presented in this chapter was performed in collaboration with Lynnette Dray, Andreas
Schaefer, Florian Allroggen, Steven Barrett, Marc Stettler, and Christoph Falter. The pathway
scenario analysis and integration of technologies into the model AIM2015 was completed by
Lynnette Dray. Christoph Falter, Andreas Schaefer and Florian Allroggen conducted the fuel
pathway cost and availability analyses. It was my role to lead the quantification of contrail
avoidance, and to perform climate impact assessment of the various pathways. All authors

commented on the results and contributed to the manuscript.

5.2. Introduction

As highlighted in Chapters 2 and 3, aviation emissions are not on a trajectory consistent with Paris
Climate Agreement goals (Grewe et al., 2021; Sharmina et al., 2021). Reducing climate impacts
is particularly challenging for aviation, a sector with high growth rates, long-lived assets, non-CO2
impacts of similar magnitude to those from CO: (Grobler et al., 2019; Lee et al., 2020), and no

commercially-available, scalable carbon-neutral technology.

Previous studies investigating aviation pathways towards zero CO2 and/or climate impacts have
highlighted the difficulty of meeting emissions goals (Grewe et al., 2021; Hassan et al., 2018;
Ivanovich et al., 2019), particularly when considering non-CO2 climate impacts (Grewe et al.,

2021). Most mitigation scenarios project net positive aviation CO2 in 2050 (IEA, 2021; Leipold et
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al., 2021; US Government, 2015). For studies looking at net zero within the aviation sector,
significant scale-up in alternative fuel use (either drop-in fuels (Gossling et al., 2021; Kar et al.,
2009; Schéfer et al., 2015) or hydrogen (Girod et al., 2012), and potentially demand-reducing
measures (Akerman et al., 2021; Sharmina et al., 2021), are widely identified as necessary
conditions. Most studies investigating pathways towards zero climate impacts explore limited
regional scopes (Hassan et al., 2018; Schéfer et al., 2015; US Government, 2015; van der Sman et
al., 2021); exclude non-drop-in fuels, such as hydrogen (Gdssling et al., 2021; Grewe et al., 2021;
IEA, 2021; Kar et al., 2009; Schéfer et al., 2015; Sharmina et al., 2021; US Government, 2015;
van der Sman et al., 2021); do not examine transition costs (Kar et al., 2009; Leipold et al., 2021);
or do not quantify non-CO2 impacts (Girod et al., 2012; Gossling et al., 2021; IEA, 2021; Kar et
al., 2009; Schifer et al., 2015; Sharmina et al., 2021; US Government, 2015; van der Sman et al.,
2021). Moreover, none of these studies considers additional measures to avoid non-COz impacts,

such as contrail avoidance.

In this chapter, we evaluate the extent to which fuel pathways could lead aviation towards net-zero
climate impacts: synthetic fuels from biomass, synthetic fuels from green hydrogen and
atmospheric CO2, and the direct use of green liquid hydrogen. We additionally include air transport
efficiency improvements and explore non-CO2 impact mitigation through operational changes. We
consider Tank-to-Wake (TTW) fuel combustion CO2 and a range of non-CO2 TTW impacts (direct
warming from black carbon; semi-direct sulfate aerosol cooling; direct warming from stratospheric
water vapor; indirect warming from contrails; and indirect NOx impacts including short lived
nitrate aerosol cooling, short-lived ozone warming, and cooling from destruction of atmospheric
methane (CH4) and reduction of tropospheric ozone). For Well to Tank (WTT) emissions from the
fuel supply chain (including feedstock production or extraction, land use change, feedstock
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conversion and transportation) we consider direct warming impacts from CO2, CH4 and nitrous
oxide (N20), and indirect impacts from CHa4 (warming from tropospheric ozone, stratospheric
water vapor, and additional COz2). In addition, we provide estimates of the costs and demand

impacts associated with this transition.

5.3. Methods

We assess technology adoption scenarios towards a net-zero aviation sector through a system level
approach. The model builds on combining (1) the global aviation systems model (AIM) to model
future market development, demand feedbacks and technology adoption in a consistent
framework; (2) the reduced-order climate model APMT Impacts Climate to capture CO2 and non-
CO2 impacts of aviation emissions under current and future scenarios; (3) detailed assessments of
techno-economic characteristics and lifecycle GHG emissions of alternative fuel pathways; (4) a
meta-study for assessing the opportunities and costs of contrail avoidance through flight route

adjustments; and (5) a detailed scenario approach.

5.3.1. Aviation Integrated Model (AIM)

The Aviation Integrated Model (AIM) is an open-source global aviation systems model simulating
future passenger and freight demand for trips between 878 city regions worldwide (1,169 airports;
40,264 distinct flight segments); airline fleets and operations; operating costs and impact on

itinerary-level ticket prices, freight rates and technology choices; airport schedules and delay;
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emissions outcomes including CO2, NOx and PM; and how outcomes change in the presence of
different policies or new technologies. AIM2015 and its component modules have been widely
used for policy assessment, including for the EC (ICF Consulting, 2020) and UK DfT (Dray and
Doyme, 2019) Details of model structure, methodology, and validation are given in

literature (Dray and Schifer, 2021; Dray et al., 2019).

AIM2015 allows us to capture second-order impacts of energy transition-related policies. For
example, AIM2015’s cost model includes a detailed flight segment-level model of fuel and non-
fuel operating costs by aircraft and route type (Dray et al., 2019). If a technology with higher
operating costs is used on that segment, the model projects impacts on itinerary ticket prices and
freight rates, and subsequent impacts on demand and required amounts of fuel. For this thesis,
global fuel blending mandates, beginning in 2025 and rising to 100% in 2050, are simulated and,
in the case of hydrogen aircraft, a mandatory hydrogen requirement for new purchases is simulated
(phased in over 5 years from hydrogen aircraft first entry into service). A Net Present Value (NPV)
model is used to assess uptake of other new aircraft technologies and technology-fuel combinations
within those consistent with mandate requirements. For drop-in fuels, adoption is based on the
lowest cost to airlines once any mandate requirements, carbon, NOx or contrail-related costs are
factored in, with other fuels additionally used where supply or blending limits prevent satisfaction
of demand. These models are further described in Dray et al. (2018), including assumptions about

airline costs and performance modelling.

The characteristics of future generations of conventional aircraft and operational emissions
mitigation measures or retrofits to existing aircraft are taken from literature (ATA and Ellondee,

2018; Dray et al., 2018; Schifer et al., 2015). For electric aircraft, performance characteristics,
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including range limitations, are taken from literature (Gnadt et al., 2019) for single-aisle aircraft,
and Hepperle (2012) for regional jets. Operating cost characteristics are derived from Schéfer et
al. (2018). For this thesis, LH2 aircraft were added to the model. Literature LH2 aircraft
performance characteristics range from more to less energy-efficient than conventional designs
(Brewer, 1991; Clean Sky, 2020), depending mainly on assumptions about tank design. In
addition, considerable uncertainty exists about hydrogen aircraft capital and maintenance costs.
For simplicity, we assume energy intensity and nonfuel operating costs of LH2 aircraft equal to
those of conventional aircraft of a comparable generation and size, i.e., that the operating cost
difference between conventional and hydrogen aircraft is dominated by fuel costs. We assume
hydrogen combustion rather than fuel cell-powered propulsion, as the extra weight of fuel cells
reduces their feasibility for mid- and long-haul flights (Clean Sky, 2020). A detailed fuels module
was also developed for this study to simulate alternative fuel costs and characteristics over time.
The assumptions used in this module are documented separately below (Section 5.3.3). Model

scenario-related inputs are discussed in Section 5.3.5.

5.3.2. Climate impact modeling

We model the climate impacts of aviation emissions using the Aviation environmental Portfolio
Management Tool - Impacts Climate (APMT-IC) as described in Chapter 2 & 4 and in Grobler et
al. (2019). As described in previous Chapters, APMT-IC probabilistically evaluates the physical

climate impacts from global aviation emissions and estimates the associated monetary damages.
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In this chapter, our use of this model is two-fold. First, we use it to derive Global Warming
Potentials (GWP) for each of the precursor emissions. These GWP values are used to convert non-
CO2 emissions to CO2 equivalent emissions (CO2eq). Second, we use it to calculate radiative
forcing and atmospheric surface temperature change response for each of the future emissions

pathways generated by AIM.

The implementation of APMT-IC used here is described in Chapter 3 & 4 and in literature (de
Jong et al., 2018; Grobler et al., 2019). The model has been updated to capture recent research
results (1) on the contrail-cirrus forcing and subsequent expected atmospheric temperature
response to this forcing (Bickel et al., 2020a; Lee et al., 2020); (2) on the cost of global warming;
(3) updates to account for non-COz impacts of drop-in alternative fuels, LNG, and LH2; and (4)

to capture the effects of ground emissions of methane and nitrous oxide (N20).

5.3.2.1. Contrail radiative forcing

Following Lee et al. (2020), which surveyed a range of results from literature, we update the
contrail-cirrus radiative forcing (RF) in APMT-IC to explicitly separate the estimation of RF and
effective RF (ERF, the change in energy forcing after certain short-term climate feedbacks have
occurred). For RF, we apply a triangular uncertainty distribution with a minimum value of 20.9
mW/m?2, mid value of 69.78 mW/m?, and upper bound of 118.62 mW/m? for distance flown in
2006 (Bock and Burkhardt, 2016; Burkhardt and Kércher, 2011; Chen and Gettelman, 2013;
Schumann et al., 2015). This contrail radiative forcing is similar to the radiative forcing calculated

in Chapter 3 for the year 2006 which ranges from 33 to 99 mW/m?. As in Chapter 3, we also align
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with the ERF/RF adjustment from Lee et al. (2020) and apply a triangular uncertainty distribution
with a mid-value of 0.417, minimum value of 0.31 and maximum value of 0.59 (Bickel et al.,
2020a; Ponater et al., 2006; Rap et al., 2010). This results in an effective radiative forcing
distribution ranging from 7.5 to 65 mW/m? with a mean of 31 mW/m?. This distribution overlaps
with the distribution from Chapter 4, and the mean of this distribution falls within the distribution
of effective radiative forcing from Chapter 4, where a triangular uncertainty distribution is applied

with minimum 12.4, mid value of 37.9, and maximum of 80 mW/m?.

We note some unquantified uncertainties are not captured in using an ERF/RF adjustment in this
way. Firstly, while this adjustment captures the difference in temperature change from short term
RF, this ERF/RF may not necessarily provide an accurate measure of long-term temperature
response (Bickel et al., 2020a; Ponater et al., 2021). Secondly, the adjustment factors from
literature (Ponater et al., 2006; Rap et al., 2010) represent long-term climate feedbacks for linear
contrails only, derived using contrail formation more than 50 times expected contrail coverage in
2050. This upscaling may cause saturation of feedback effects such as cloud formation

(Fuglestvedt et al., 2010; Lund et al., 2017a; Wuebbles et al., 2010).

5.3.2.2. Damage function

The second update aligns estimated costs of global warming with more recent literature values.
Previously, and in Chapter 4, APMT-IC used the damage function from the Dynamic Integrated
Climate-Economy (DICE) model (Nordhaus, 2017), which is consistent with the social cost of

carbon as proposed by the US Interagency Working Group on Social Cost of Carbon (US
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Government, 2016). This damage function was based on a meta-analysis of 17 studies quantifying
market and non-market damages (Nordhaus, 2017). Recent reports indicate that traditional
integrated assessment models, including DICE, lag recent research on climate damages
(Greenstone, 2016; US Government, 2021). In this chapter, we apply the damage function from
Howard and Sterner (2017). This damage function is based on a meta-analysis of a larger number
of damage estimates from literature and explicitly treats dependencies between different
underlying studies to avoid overrepresentation of results from specific studies and is also applied
in literature (Hénsel et al., 2020). This change leads to social cost of carbon of 246 USD2020/tonne
CO2 (90% confidence interval 61.4 to 624) for RCP2.6 and SSP2 background scenarios and a 2%
discount rate. For a 3% discount rate, RCP4.5 and SSP1 the social cost of carbon in 2020 is 158
USD2020/tonne CO2 (90% confidence interval 46.4 to 352) in 2020 USD. These values are in-line
with recent literature global social cost of carbon estimates of 80 - 805 USD (Hénsel et al., 2020;

Pindyck, 2019; Ricke et al., 2018).

5.3.2.3. Non-CO; impacts of non-petroleum fuels

Modeling approach

Finally, due to changes in the non-CO2 emissions footprint of LH2, LNG and SAF, the subsequent
climate impacts are also expected to differ (Grewe et al., 2017a; Withers et al., 2014). For each
fuel considered, we derive adjustment factors by emission species based on a literature survey.

These factors capture changes in RF per unit fuel energy for each fuel relative to conventional Jet-
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A. A summary of these adjustment factors is provided in Table 8 and a discussion of underlying

literature is provided in the following sections.

Table 8: Factor adjustments to forcing from drop-in alternative fuels, LH2, and LNG for aviation climate forcers.

RF factor adjustment

Relative

contribution of

forcer GWP g0 Drop-in alternative

(%) fuels LH2 LNG
Account for non- Zero in-flieht Account for non-
CO; 70.4 biogenic CO» n-tie biogenic CO»
- emissions -
emissions emissions
NOx -5.74 Unchanged Unchanged Unchanged
Contrail- 39.7 0.58 (0.19, 1.18) 0.85 (0.1, 1.6) 1.0 (0.3, 1.7)
cirrus** . . 19, 1. . A1, 1. .0(0.3, 1.
Stratospheric 2.25 1.09 2.6 1.55
water vapor
Black carbon 1.09 (0.049, 0.47) 0 0.15 (0, 0.5)
Fuel sulfur -7.65 0 0 0

Triangular uncertainty distributions are applied to LH, and LNG contrail cirrus and LNG black carbon.
Uniform uncertainty distributions are applied to drop-in alternative fuels contrail cirrus, and drop-in

alternative fuels black carbon impacts.

** Contrail-cirrus includes both linear contrails and the subsequent contrail-cirrus radiative impact.

Adjustments to non-CO; radiative forcing from LH2 combustion

LH?2: Contrails

Differences in water vapor and soot emissions from the combustion of LH2 are expected to lead

to differences in contrail properties and subsequent impacts.
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The first emissions difference expected to change contrail impact of LH2, is the energy specific
water vapor emissions index (Elnz0), which is the amount of water vapor emitted per unit of fuel
energy. For conventional fuel, Elmo is 0.029 kg/MJ. This emissions index is a factor 2.6 higher
for LH2 (Gierens et al., 2008). This difference affects the expected frequency of contrail formation.
More specifically, the additional water vapor available in the LH2 exhaust plumes extends the
range of temperature and humidity over which contrails can form, typically increasing this
temperature threshold by 10 K for LH2 aircraft (Schumann, 1996). This increase leads to higher
radiative impacts. However, the increase in water vapor emissions is not expected to lead to
significant increases in contrail ice-mass per unit length, since the bulk of contrail ice mass is taken

up from ambient water vapor (Grewe et al., 2017a; Strom and Gierens, 2002).

The second emissions difference is the number of particles emitted. Combustion of conventional
Jet-A leads to particle number emissions on the order of 10'to 10 particles per kg fuel (Kércher
and Yu, 2009; Moore et al., 2017; Stettler et al., 2013). In contrast, aircraft fueled by LH2 will
have zero particle number emissions and only ambient particles will be available (equivalent to
10'2 to 10'3 per kg fuel) (Kircher, 2018). In the process of contrail formation, these particles serve
as ice nucleation sites. A decrease in particle number emissions is expected to lead to fewer ice
crystals that are larger in size. This effect would lead to contrails with lower optical depth, since
the larger crystals have lower cross-sectional area per unit ice mass. Additionally, a contrail with
fewer, but larger particles is expected to have a shorter lifetime, since the heavier ice crystals will
have a higher terminal velocity (assuming Stokes Law settling) and settle out faster into the warmer
parts of the atmosphere where they can evaporate. Both these two particle related effects are
estimated to reduce the contrail radiative impacts (Gierens et al., 2008; Kércher, 2018; Noppel and
Singh, 2007; Schumann, 1996).
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A limited number of studies have focused on quantifying the contrail impacts of LH2 as an aviation

fuel. Table 9 presents a summary of the relevant literature.

Table 9: Summary of LH2 and LNG fuel contrail literature
Factor adjustment to
RF from contrails from Jet-A

Citation Fuel

Without particle With particle
emissions effect emissions effect
Strém and Gierens (2002) LH2 Microphysical properties only
Marquart et al. (2001) LH2 1.56 -
Marquart et al. (2005) LH2 - 0.8
d ' (range 0.7 to 1.3)
Ponater et al. (2006) LH2 - 0.89
67% LH2 and 33% 1.14%*
Grewe etal. (2017a) biofuel 1.9 (range 0.76 to 1.9)

* Grewe et al. adjusted their results for the reduction in particle emission using an assumed 40% (range 0 to 60%) RF reduction
due to an assumed 80% particle number emissions reduction based on Bock (2014). However, more recent sources have also
found a larger upper bound adjustment (-68%) may be appropriate for a similar reduction (-73 to -90%) in particle number

emissions (Burkhardt et al., 2018; Teoh et al., 2020).

Strém and Gierens (2002) studied the microphysical properties of individual contrails. They found
LH2 contrails have similar ice mass but are optically thinner than contrails from Jet-A. Significant
changes in sedimentation and subsequent contrail lifetime were not observed. Marquart et al.
(2001), investigated the fleetwide contrail impact of LH2 aircraft. They found RF increases by a
factor of 1.56 when LH2 aircraft are used. However, their study neglected the changes in aerosol
particle emissions. Marquart et al. (2005) investigated both changes in the microphysical
properties due to particles, as well as the RF impact on a global fleet-wide scale from LH2 fuel.

Their central results indicate the global mean radiative forcing of contrails from LH2 fuel to be
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20% lower than contrails from conventional fuel. The results were found to be highly sensitive to
input assumptions such as particle size distributions and crystal shape. As such, their best guess is
reported to fall within 30% of RF of contrails from Jet-A. Finally, Ponater et al. (2006) investigated
global fleetwide contrail RF from LH2 contrails and found a central adjustment factor of 0.89 for

LH2 contrails when compared to contrails formed from conventional fuel.

Grewe et al. (2017a) investigated contrail RF impacts of a blended wing body that uses a fuel blend
of 67% LH2 and 33% biofuel on an energy basis. They found the increased water vapor leads to a
90% increase in contrail RF, assuming a flight altitude consistent with conventional aircraft.
However, this result did not account for the competing impact of soot emissions. To compensate,
they reduced their derived RF impact by an assumed 40% (range 0% to 60%) to account for an
assumed 80% reduction in particle number emissions (Bock, 2014). More recent literature has
found a larger range of RF reductions for similar changes in ice nuclei. While Caiazzo et al. (2017)
found uncertain RF reduction (-13% to +5%) for a 66% reduction in initial ice nuclei, Burkhardt
et al. (2018), and Teoh et al. (2020) found 69% and 68.9% (range 45% to 82%) RF reductions
from a 90% and 73% fleetwide reductions in initial ice nuclei. This indicates an even higher
adjustment uncertainty than applied by Grewe et al. (2017a). Additionally, while Grewe et al.
(2017a) does not focus on pure LH2 combustion, its result of a +90% increase contrail impacts
from LH2 and biofuel blend is higher than the factor 1.56 found by Marquart et al. (2001),
suggesting a higher range of uncertainty is appropriate than when only the pure LH2 contrail

literature is considered.

Using these literature results, we account for changes in RF from using LH2 fuel by applying a

factor adjustment to the RF of contrails from conventional fuel. We capture the uncertainties by
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applying a triangular uncertainty distribution to the adjustment factor. We base our central value
on the central results of Marquart et al. (2005) and Ponater et al. (2006) and set it to 0.85. Since
only a limited number of studies are available, we select a symmetrical uncertainty range (+/- 0.75)
around this central value leading to lower and upper lower bounds of 0.1 and 1.6. This captures
the uncertainty range from Marquart et al. (2005) (factor 0.7 to 1.3), while also accounting for a

+30% additional uncertainty suggested by Grewe et al. (2017a).

LH?2: Stratospheric water vapor, soot, sulfur, NOx

Although the impact of water vapor, soot, sulfur, and NOx for Jet-A is less than 10% that of in-
flight CO2 emissions from aviation (see Table 8), we account for differences in these climate

forcers if aircraft combust LH2.

Firstly, LH2 is not expected to contain fuel sulfur. As a result, we set the sulfur related cooling to
zero. In contrast, water vapor emissions per unit energy are expected to increase, as discussed
above. Therefore, we increase the stratospheric water vapor warming in the model by a factor of
2.6. Since LH2 does not contain carbon atoms, no soot emissions are expected (Kéarcher, 2018).
Consequently, we set the soot warming to zero. Finally, changes in the combustor design may lead
to differences in NOx emissions from LH2 fueled aircraft. However, such combustors are not yet
in operation, and it remains unclear how these NOx emissions from LH2 fuel would compare to
conventional fuel. In the absence of this data, we do not assume positive or negative changes to

NOx emissions. Resultingly, no changes in NOx related RF are assumed.
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Adjustments to non-CO; radiative forcing from LNG combustion

LNG: Contrails

Similar to LH2, the combustion of LNG fuel leads to increased water vapor emissions per unit fuel
energy (factor 1.55 above conventional fuel) (Gierens et al., 2008), as well as almost no particle
emissions (Kércher, 2018). Consistent with the use of LH2, increased contrail occurrence is

expected, but with decreased optical depth and decreased contrail lifetime.

While studies focusing on LNG contrails are sparse, Grewe et al. (2017a) investigated both LNG
and LH2 contrails. The study presents the contrail RF impacts of a blended wing body that uses a
fuel blend of 67% LNG and 33% biofuel on an energy basis. They found the increased water vapor
leads to a 70% increase in contrail RF for the LNG blend, assuming a flight altitude consistent
with conventional aircraft. However, this result did not account for the competing impact of soot
emissions. To compensate, they reduced this RF value by 40% (uncertainty 0-60%) to account for
an assumed 80% reduction in particle number emissions (Bock, 2014). While this study does not
focus on pure LNG combustion, to the best knowledge of the authors, it is the only study that

analyzed contrails from LNG fuel.

Using Grewe et al. (2017a), we account for changes in RF from LNG by applying a factor
adjustment to the RF of conventional contrails. We capture the uncertainties by applying a
triangular uncertainty distribution to the adjustment factor. The upper bound of the triangular
distribution is set by Grewe et al. (2017a) as 1.7. Since further information of LNG contrails is not

available, a symmetric triangular distribution centered around one is selected, resulting in a lower

bound factor of 0.3.
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LNG: Stratospheric water vapor, soot, sulfur, NOx

LNG is expected to lead to emissions changes which affect the non-COz climate impacts.

Similar to LH2 combustion, sulfur emissions are not expected from LNG combustion. Resultingly,
the sulfur related cooling is set to zero. Additionally, we increase the stratospheric water vapor
impact by a factor 1.55 compared to conventional fuels, consistent with the increase in water vapor

emissions per unit energy (Gierens et al., 2008).

In contrast to LH2, soot emissions from LNG remain more uncertain. Like LH2, soot emissions
from aviation LNG combustion are expected to be substantially lower than for petroleum-derived
Jet-A, however the fraction reduction remains unknown (Grewe et al., 2017a). At the lower bound,
Kaércher (2018) suggested aviation use of LNG would not result in particle emissions. Although
data is sparse, another datapoint is provided by the US EPA (2009), which found soot emissions
from stationary ground gas turbines to be half that of distillate oil. However, these measurements
are not directly applicable here since they compare to distillate oil and were made using a water
injection emissions control which are typically not used for aircraft engines. Finally, for aviation
engines using a mixture of 50-50% of LNG and biofuels fuel, Grewe et al. (2017a) applied an
assumed 85% soot reduction compared to conventional fuel. To capture this range, we apply a
triangular uncertainty distribution bounded at factors zero and 0.5, consistent with Karcher (2018)
and US EPA (2009), respectively. We set the mid value factor adjustment to 0.15, consistent with
Grewe et al. (2017a). Finally, like LH2, we do not assume changes to NOx emissions from LNG,

since these emissions are driven by yet unknown combustion designs.
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Adjustments to non-CO; radiative forcing from drop-in alternative fuels combustion

Drop-in alternative fuel: Contrails

Like LH2 and LNG, the contrail impacts of drop-in alternative fuels are expected to differ from

fossil Jet-A due to competing impacts of fewer particle emissions and more water vapor emissions.

These emissions changes are due to differences in fuel composition, notably the proportion of
straight chain (paraffins) and cyclically bound (aromatics) C-H molecules in the fuel. Typically,
conventional fuel consists of 18% aromatics by volume (Edwards et al., 2010). In contrast, drop-
in alternative fuels considered here are paraffinic, meaning they contain almost no aromatics
(Gierens et al., 2016). In practice, drop-in alternative fuels are blended with conventional fuels to
meet the present-day requirement of 8% vol. aromatics (a requirement to ensure seal swell) or

synthetic aromatics could be added as a fuel additive (CAAFI, n.d.; Edwards et al., 2010).

Firstly, this lower abundance of aromatics in drop-in alternative fuels blends leads to a ~10%
increase in water vapor emissions per unit mass of fuel because aromatics have a lower H:C atom
ratio than paraffins. In turn, an increase in water vapor emissions will likely increase the frequency

of occurrence of contrails (see above).

Secondly, since aromatic compounds are precursors for particulate emissions, drop-in alternative
fuels are expected to have lower particulate emissions per unit mass of fuel, and in turn lower
contrail impacts. Various studies have focused on quantifying the reduction in particle number
emissions for biofuel blends. For a 50-50 blend by volume of Jet-A and a paraffinic biofuel, Moore
et al. (2017) found a 26%—48% reduction in the particle number emissions index at cruise

conditions. Similarly, Speth et al. (2015) found a neat paraffinic biofuel leads to a 75% reduction
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in particle emissions. Beyersdorf et al. (2014) found reductions of 95% and 85% for neat and
blended fuels, respectively. Voigt et al. (2021) found a 50% to 70% reduction in soot and ice
crystal numbers in a recent measurement study at cruise altitude from a low aromatic drop-in
alternative fuels. Timko et al. (2010) found similar reductions at idle power, but at 85% power
they did not find any reductions in particle number emissions. This indicates uncertainty in these
measurements, and that particle number emissions reductions may be sensitive to combustor

design and engine operation.

The impact of an assumed low soot scenario (80% reduction in initial ice crystal numbers) on
global contrail RF was investigated by Burkhardt et al. (2018). They found such reductions in
particle emissions led to a 50% reduction in contrail RF. Similarly, another study (2020) found a
73% initial ice nuclei reduction leads to a 69% (range 45% to 82%) decrease in contrail RF.
However, Caiazzo et al. (2017) found little benefits from a 66% reduction in initial ice nuclei by
finding contrail RF ranging between -13% and +5% for such a low soot scenario, with the
uncertainty caused by different crystal shapes assumptions. Uncertainty due to different contrail
crystal habits has been studied by Sanz-Morére et al. (2020) who found longer lived contrails,
which are responsible for most of the contrail RF, to predominantly consist of asymmetrical shapes
(columns and plates). However, neglecting the results in Caiazzo et al. (2017) for the relatively
symmetrical shapes (spheres and droxtals) does not reduce the uncertainty range of Caiazzo et al.

(2017) results.

Of these studies, only Caiazzo et al. (2017) also investigated the impact of increased water vapor
emissions from drop-in alternative fuels on contrail RF. They considered the impact of lower ice

nuclei number emissions (-75%) and accounted for the increased water vapor emissions (+11%)
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per unit mass of fuel. They found net global contrail occurrence increased by 8%, while RF

changed by -4 to 18% depending on the assumed crystal habit.

To account for these impacts while also capturing the uncertainty, we apply a triangular uncertainty
factor adjustment to model the contrail impacts of drop-in alternative fuels. We base our upper
bound on the upper bound from Caiazzo et al. (2017) and set it to +18%. Our mid value is based
on the combined results from these three studies. Firstly, we use an 8% increase to account for the
additional contrail occurrence due to additional water vapor (Caiazzo et al., 2017). Then we
account for reduced ice nuclei by adjusting this RF by -8%, -50%, and -68% for results from
Caiazzo et al. (2017), Burkhardt et al. (2018), and Teoh et al. (2020), respectively. Taking the
mean of these three results leads to a mid-value for the triangular distribution of -42%. Finally, for
our lower bound, we combine the +8% increase from Caiazzo et al. (2017) with the largest impact
reduction due to changes in ice nuclei, which is 82% from Teoh et al. (2020). Resultingly the lower

bound is set to a factor 0.19.

This results in a mean factor adjustment of 0.65 from the triangular distribution for a neat biofuel
and factor 0.825 adjustment for a 50-50 biofuel blend with Jet-A. This result is similar to factor
0.8 SAF contrail adjustment adopted in Grewe et al. (2021) for a 50-50 biofuel blend with Jet-A

based on Moore et al. (2017) and Burkhardt et al. (2018).

Drop-in alternative fuel: Stratospheric water vapor, soot, sulfur, NOx

Similar to LH2 and LNG, the emissions composition of drop-in alternative fuels is expected to
differ from conventional fuels, leading to differences in the stratospheric water vapor, soot, sulfur

and NOx. Although these impacts are relatively small (individually not exceeding 10% of CO2
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warming impacts - see Table 8) we account for these changes by adjust these impacts from drop-
in alternative fuels in the model based on expected changes in their emissions. Additionally, we
apply an additional factor adjustment of 0.98 to each of the expected emissions changes, to account

for the varying energy density of drop-in alternative fuels compared to Jet-A (Hileman et al., 2010).

Like LH2 and LNG, drop-in alternative fuels are not expected to contain fuel sulfur. As a result,
we set the sulfur related cooling to zero. Although NOx emissions will cause some additional
sulfate formation because of its effect on ozone, this mechanism is neglected. Secondly, we
increase the stratospheric water vapor impact for drop-in alternative fuels by 9% RF increase per
unit energy, consistent with the 11% increase of water vapor emissions per fuel weight but adjusted
by a factor 0.98 for varying energy densities of the fuels (Hileman et al., 2010). Third, soot
emissions from drop-in alternative fuels are expected to decrease significantly due to the absence
of aromatics in the fuel. Measurements of this reduction range between a 95% and 52% reduction
(see section above covering contrails from drop-in alternative fuels). Therefore, we apply a
uniform uncertainty distribution where soot RF from fossil Jet-A is adjusted by between -95% and
-52% per mass unit of drop-in alternative fuels fuel consumption. Once again, these factors are
adjusted by a factor 0.98 to account for varying energy densities of drop-in alternative fuels and
conventional fuels (Hileman et al., 2010). Finally, no changes in NOx emissions are expected from
drop-in alternative fuels since combustor design and operation are expected to remain consistent

with Jet-A. Resultingly, we assume no changes in NOx emissions for drop-in alternative fuels.
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Adjustments to non-CO: radiative forcing from electric aircraft

Since electric aircraft do not lead to any combustion products, their direct in-flight emissions and

subsequent direct CO2 and non-CO: climate impacts are set to zero.

5.3.2.4. Climate impacts of lifecycle CO2, CH4 and N2O emissions

APMT-IC explicitly models the concentration of CHa, N20, and COz by using an impulse response
function approach. CO2 concentration is modeled using the methods presented in Section 3.2.2.3,
while removal of CH4 and N2O are modeled using their perturbation lifetimes as described in IPCC
ARS (Myhre et al., 2013), and in the case of N2O, a three year delay is modeled for N2O to reach

its main sink in the stratosphere (Meinshausen et al., 2011a).

While CO2 and N20 predominantly impact climate through direct radiative forcing, CH4 not only
impacts climate through direct radiative forcing, but also through a number of indirect effects
including tropospheric ozone, stratospheric water vapor, and eventual formation of CO2

(Meinshausen et al., 2011a).

Direct radiative impacts are calculated using the radiative forcing transfer functions from Etminan

et al. (2016) given by Eq 4 to Eq 6.

RFo, = [a;(C — Cy) + by|C = Col + ¢, N + 5.36] x In(C/Cy ) Eq 4
RFy,o = l[a; C + byN + c;M + 0.117] x (VN — /Ny) Eq5

RF¢y, = [as M + b3N + 0.043] x (VM — \/M,) Eq 6
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where coefficients are given by

a; =—2.4x 1077 Wm~2ppm~? a, =—8.0x 1076 Wm~2ppm™! az; =—-13x107° Wm~?ppm™*
b, =7.2x10~* Wm2ppm™? b, =42 x 1075 Wm~2ppm™" b; =—8.2x107° Wm™?ppm™*
¢, =—21%10"* Wm 2ppm~! c; =—49%107° Wm~2ppm~?!

C, M, and N indicate concentrations of CO2, CHa4, and N20, respectively. The zero subscript in Cy,
M,, and N, indicate preindustrial concentrations of the corresponding species. The bar indicates a
mean value between modeled and preindustrial concentrations calculated as X = 0.5(X + X,),
where X represents the species concentrations. These radiative transfer functions capture the
impact of overlapping radiative bands between the different species, enhancing the precision of

the model.

Through atmospheric chemical interactions, methane leads to the formation of tropospheric ozone

(Seinfeld and Pandis, 2016). The radiative impact due to this tropospheric ozone is captured by

Strat H,0 o
RFCH:a *7 = Qtropo, X Scpy, (InM —In M) Eq7

where @trop0, denotes the radiative efficiency factor. We note, that although Meinshausen et al.
(2011a) gives a value of 0.042, the MAGICC6 code indicates 0.0335 as an updated value. APMT-
IC is programmed to be consistent with the updated value. 53214 is a sensitivity coefficient of

tropospheric ozone to methane concentration and is given by the MAGICC®6 code as 5.

Indirect effects due to CH4 were captured in line with Meinshausen et al. (2011a). Stratospheric

water vapor radiative forcing is captured by

RIS 27 = Bac, x (VHT = M) wat
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Where B and acy,are constants corresponding to 15% and 0.036, respectively, and Mand M,

indicate concentrations of methane as in Eq 6.

Eventual CO:2 formation due to CHa, is captured by calculating the yearly reduction of CH4, and
by conservation of mass, assuming all carbon atoms form COz. The CO: concentration is
calculated using the impulse response functions from Section 3.2.2, and subsequent RF is

calculated using Eq 4.

Because simple climate model temperature models are calibrated towards CO2, climate efficacies
have been introduced to calibrate the impact of non-COz radiative forcing for use in reduced order
temperature change models. Although climate efficacies for in flight emissions remain highly
uncertain, climate efficacies are included for these life cycle ground emissions. Consistent with
Meinshausen et al. (2011) values of unity are used in all cases, except tropospheric ozone, where

an efficacy value of 0.85 is used.

5.3.3. Alternative fuel pathways

The following fuel and fuel production pathways are considered in this chapter:

- Liquid hydrogen (LH2): We consider liquid hydrogen produced via water electrolysis and
subsequent liquefaction, both powered by renewable electricity. The electrolysis of water
is modeled based on the proton-exchange membrane (PEM) technology and follows the

varying load of renewable electricity. The produced hydrogen gas is stored in a compressed
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gas tank to enable continuous operation downstream. Liquefaction of hydrogen is
performed at continuous load and the liquid product is stored for further use.
Power-to-liquid fuels (PTL): We consider power-to-liquids based on hydrogen from water
electrolysis and CO: from direct air capture. Hydrogen is produced at varying loads from
PEM water electrolysis and stored in a compressed-gas tank. COz is continuously extracted
from the atmosphere via physical adsorption in a direct air capture process (DAC). CO2
and H> are continuously converted to syngas (H>+CO) via the reverse water gas shift
process (RWGS). The syngas is converted into hydrocarbons via the Fischer-Tropsch
process (FT), where the gaseous fraction is cycled back to the RWGS reaction to be turned
into syngas. The resulting synthetic crude is converted into jet fuel and by-products using
refining process steps.

Biofuels: We consider biofuels produced from dedicated biomass and waste streams
including the following pathways: HEFA (hydrogenated esters and fatty acids) process
using dedicated vegetable oil crops (e.g., soybean, rapeseed, jatropha, palm oil) and FOGs
(fats, oils, and greases; specifically used cooking oil and tallow), advanced fermentation of
sugar crops, and Fischer-Tropsch synthesis of municipal solid waste, lignocellulosic
material (forestry residues, agricultural residues, and dedicated feedstock such as
switchgrass and miscanthus).

Synthetic natural gas: Hydrogen is produced via water electrolysis using renewable
electricity; COz is captured from the atmosphere via low-temperature pressure-swing
adsorption. Natural gas is then synthesized from H2 and CO: via the Sabatier process, and

the methane is subsequently liquefied for aviation use. Another pathway to synthetic
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natural gas is via anaerobic digestion of biomass to produce biogas, which is then cleaned

and liquefied.

The availability of fuels produced from electricity, water, and CO2 (PTL, SLNGQG) is in principle
unlimited as the feedstock potentials can be leveraged at practically any scale. However, the
specific availability at a point in time depends on the rate at which production capacity can be
ramped up and the policy priority given to aviation for using scarce input factors such as electricity
or biomass. We assume the main constraint on LH2 ramp-up is fleet penetration of LH2 aircratft;
for PTL and biofuels, maximum ramp-up rates are set using a combination of near-term literature
estimates of supply and longer-term estimates of aviation fuel demand. For single-fuel pathways,
biomass availability is modeled after Staples et al. (2018)’s F1-A1-S2 scenario, assuming full
availability of the fuels for aviation such that biofuel potential is essentially unlimited (over twice
the expected demand of less than 30 EJ/y in 2050). These assumptions are used as the fundamental
availability for these pathways, while the specific use of fuels is then determined with the AIM
model taking into account demand effects, mandate levels, scale-up behavior and prices. For the
combined-pathway model runs a more constrained biomass supply is assumed, rising to a

maximum of 21.7 EJ in 2050, based on literature (WEF, 2020).

Production costs: We determine alternative fuel pathway costs (except for biofuel pathways) with
the levelized cost of energy approach. To this end, we determine the investment costs of the
facilities based on energy and mass balances, and component cost estimates from the literature.
We assume improvements of component efficiencies and energy demands in line with recent

publications. The levelized costs of intermittent renewable electricity is assumed to be $0.04/kWh
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today at a capacity factor of 30% and $0.02/kWh at 50% in 2050, where these estimates are based
on a mix of solar PV and onshore wind technologies. Additionally, we include energy storage for
parts of the facilities that must run continuously and thus use an LCOE of $0.10/kWh (year 2020)
and $0.05/kWh (year 2050) for renewable electricity that is available around the clock. The costs
are annualized assuming a lifetime of 20 years and a discount rate of 10%. The minimum selling
price of the different biofuel pathways is based on a discounted cash flow rate of return analysis

as shown in literature (Bann et al., 2017)

GHG emissions: The life cycle emissions of electricity from solar PV and wind are assumed to be
zero. While currently there are still embedded emissions in the production of PV modules and
wind turbines, these are expected to approach zero with the decarbonization of the economy. For
GHG emissions of biofuels, we use literature values from Staples et al. (2018) for the different
pathways in our study. The authors indicate values for today and for 2050, and we use linear
interpolation to get values in between. We neglect embedded emissions of all infrastructure for the
fuel pathways due to the expected small impacts. We use literature information on different biofuel
pathways to break out different species (CO2, CHa4, N20) in direct emissions of greenhouse
gases.(Seber et al., 2014; Staples et al., 2014; Stratton et al., 2010; Suresh, 2016) The climate
impacts of hydrogen leakage (either from PTL or LH2 production) are not included here and
remain highly uncertain due to uncertainties in leakage rates and climate impacts (Cooper et al.,

2022; Ocko and Hamburg, 2022).
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5.3.4. Contrail avoidance modeling

Reaching net zero climate impacts from aviation will require avoiding contrail formation. One
strategy of contrail avoidance relies on small scale altitude adjustments to avoid flying through
atmospheric locations with where contrails can form (Avila et al., 2019; Schumann et al., 2011;
Sridhar et al., 2011). These diversions lead to a small fuel burn penalty (typically less than 5% of
fleetwide fuel consumption) compared to a counterfactual case with fuel-optimal operations. In
addition, only 2% of flights have been found to be responsible for 80% of contrail forcing in some
regions; in turn, less than 2% of flights would have to be diverted to avoid contrail warming

impacts (Teoh et al., 2020).

Contrail avoidance is modelled using results from our contrail avoidance meta-analysis based on
a literature review of five different studies (Klima, 2005; Noppel et al., 2006; Sridhar et al., 2012,
2011; Yin et al., 2018). A summary of these studies is presented in Figure 39. This literature is
discussed in more detail in Appendix G. Using these studies, we estimate the relationship between
contrail avoidance and fleet-wide fuel burn penalty as shown in Eq 9, where f(x) represents the
fraction increase in fuel burn for the x fraction contrail length avoided and C,, C; and C, represent

the shape parameters to be estimated.

Cz

Cy
f(x) = (_1 ) Eq9
x) = C, o q

Performing this curve fit yields coefficients of C, = 0.011, C; = 1.161, and C, = 0.906. The
resulting route mean square error (RMSE) is 0.0891, leading to a normalized RMSE of 11%, where
this normalization is taken to the maximum fuel burn fraction increase. The central estimate of the

curve fit indicates 50% of fleet-wide contrail length can be avoided for a 0.88% fleet-wide fuel
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burn penalty (5™ to 95% percentile range 0 to 2.51). Thereafter avoiding subsequent contrails

becomes more fuel costly, with an additional 20% avoidance requiring double the additional fuel.

Using this meta-analysis, a single mid-range contrail avoidance scenario is selected for our
combined technology pathways in which 50% fleet-wide contrail avoidance can be achieved at a
1% fleet-wide fuel burn penalty. This represents a higher fuel burn penalty than the central estimate
of the meta-analysis, to account for the range in estimates in literature. The 50% length avoidance
is lower compared to other studies, which calculate maximum contrail impact avoidance of 70-
80%. However, this mid-range value of 50% is selected since high rates of avoidance will cause
increased strain on airspace and air traffic control (Teoh et al., 2020) and maximum rates of contrail
avoidance may be difficult to achieve with current weather prediction data. This contrail avoidance
trade-off likely differs for alternative energy carriers such as hydrogen, but data on these
differences remains unavailable. Therefore, we apply the same results from Eq 9 for alternative

fuels.
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Figure 39: Fuel burn and contrail length trade-off - results from meta-analysis
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5.3.5. Scenario approach

The global potential of technologies and fuels to reduce aviation emissions is limited by supply,
ramp-up rate and fleet turnover. These factors interact with demand growth. As such, we examine
outcomes across three demand scenarios, described below. For each demand scenario, we run:
baseline model runs (with operational and efficiency improvements, but no energy transition or
additional aviation policy); single-fuel pathways (model runs with operational and efficiency
improvements and energy transition to a single alternative fuel (biofuels, PTL and hydrogen)
only); and, based on the outcomes of the single-technology scenarios, combined pathways (model
runs with operational and efficiency improvements, contrail avoidance, and biofuels as a bridging

fuel to PTL or hydrogen).

Uncertain AIM scenario inputs include future population, GDP/capita, oil prices, and whether the
relationship between demand growth and income growth will change as aviation systems mature.
The development of scenarios for input assumptions which take account of the COVIDI9
pandemic is described in literature (Dray and Schéfer, 2021). Baseline population and GDP/capita
growth rates are derived from the IPCC SSP scenarios (O’Neill et al., 2014), adjusted for
COVIDI19 pandemic GDP/capita impacts (IMF, 2021), and impacts of movement restrictions on
demand and load factors (IATA, 2021; ICAO, 2021). The scenarios used in this chapter are: a high
growth scenario based on IPCC SSP1 socioeconomic factors, leading to aviation demand growth
comparable to recent historical trends; a central scenario based on IPCC SSP2 socioeconomic
factors, leading to demand growth similar to industry projections; and a low scenario based on
IPCC SSP3 socioeconomic factors, which leads to post-pandemic demand growth which is lower

than historical trends. The low demand scenario includes demand growth decoupling from
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economic growth, at the level used in literature (DfT, 2017); this assumes a gradual trend towards
income elasticities of no more than 0.6 over a 70-year period. For reference cases, we use IEA
SDS oil price projections (IEA, 2020a), which are consistent with a level of policy ambition which
falls short of net zero COz2 in 2050. Because seeking to achieve net zero CO2 emissions in aviation
implies a high level of climate ambition in other sectors, we use lower oil prices post-2040 in
scenarios where there is significant use of alternative technology in aviation (transitioning from
the SDS trajectory to the IEA NZE projections (IEA, 2021). Future technology costs and
capabilities are also uncertain. For this chapter, the key sensitivity is to fuel costs and we address

this through the use of alternative fuel cost projections.

5.4. Results

5.4.1. Overview of potential mitigation measures

A net-zero emissions pathway requires anthropogenic sources of climate forcing emissions,
including both direct emissions and the emissions of the supporting energy system, to ultimately
become equal to or less than their sinks. (Fuglestvedt et al., 2018) We disaggregate factors that
affect aviation’s climate forcing emissions using Eq 10. These emissions are driven by: aviation’s
level of activity (in revenue tonne-km, RTK); energy intensity (Energy/RTK); and CO:zeq
emissions intensity per unit energy, where COz2eq includes CO2 and non-COz impacts on both
WTT and TTW scopes. Offsets can be used as an instrument to balance impacts from emissions

which cannot be avoided.
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Energy CO;eq
RTK Energy

Eq 10
— offsets 4

C0zq = RTK

Technology and policy solutions for each of these variables can contribute towards reducing

aviation’s emissions towards the net-zero goal.

RTK (Eq 10): Air Transportation Demand

The demand for air transportation depends mainly upon urban populations, associated per person
income, and airfares. We expect the world to become wealthier and larger shares of the global
population to gain access to air transportation (Dray et al., 2022). As such, in the absence of a
transition towards low-carbon energy carriers and/or additional policy measures, we project
demand for air transportation (measured in RTK) to grow by 2.4-4.1% p.a., corresponding to a
doubling or tripling of 2019 demand by 2050. This is in line with established market forecasts (Air
Transport Action Group, 2021; Dray and Schifer, 2021; Shell, 2021). We do not consider policies
which directly reduce air transportation demand (e.g., French government policy aiming at
displacing short-haul flights with high-speed rail (Akerman et al., 2021)). However, our model
considers that cost increasing technologies, such as synthetic fuels, will lead to demand feedbacks.
We capture these effects using the integrated aviation systems model AIM2015 (Dray and Schiéfer,

2021; Dray et al., 2019).
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Energy/RTK (Eq 10): Energy intensity of the air transport system

The energy intensity of the air transportation system is driven by the fuel efficiency of individual
aircraft, operational efficiency (e.g., the air traffic management [ATM] system), and capacity
utilization of flights (ATA and Ellondee, 2018). When combining our projected energy intensity
reductions for new aircraft (ATA and Ellondee, 2018) with age distributions and retirement
schedules of the current fleet, average passenger load factor growth, ATM improvements and
market growth projections, system-level energy intensity per RTK declines by 1.3% per year
(around 33% total) between 2019 and 2050; in combination with a doubling or tripling of RTK
demand, aviation CO2 emissions would increase by a factor of 1.3 to 2. Consequently, energy
efficiency improvements alone are unlikely to reach even the carbon-neutral growth goal of the

International Civil Aviation Organization (ICAO) (2019).

CO:zeq/Energy (Eq 10): Climate intensity of fuels

Currently, the aviation sector relies on fossil hydrocarbon Jet-A, which generates 73 g of
combustion COz per MJ, with an additional 14 g COz2eq per MJ (using Global Warming Potential
with a 100-year time horizon (GWP100)) from CO2, CH4 and N20 emissions arising from WTT
processes (oil extraction, refining, and crude oil and fuel logistics; Table 10) (Stratton et al., 2010).
Alternative energy carriers, which partly or entirely mitigate fuel GHG emissions, include “drop-
in” fuels usable in existing aircraft, and “non-drop-in” fuels, e.g., cryogenic fuels such as liquid
hydrogen (LH2) and electricity, which require novel fuel infrastructure and aircraft designs (Table

10). Drop-in fuels are synthetic hydrocarbons produced from sequestered carbon atoms, e.g., from
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biomass (biofuels) or from the atmosphere (Power-to-Liquid fuels), so that direct CO2 emissions
are offset over the fuel lifecycle. Several other non-drop-in solutions are omitted due to low energy
density and high toxicity (ammonia), low availability for aviation (low-cost SLNG), dominance
by drop-in pathways (high-cost SLNG), or severely limited range and payload performance (all-
electric aircraft). The capital requirements, inputs, costs, resource potential, and lifecycle GHG
emissions vary between the fuel pathways (Table 10). Several underlying key technologies (e.g.,
COz capture from the atmosphere) are still under development. In such cases, Table 10 represents

ambitious future states of the technology.
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Table 10: Characteristics of energy carriers suitable for commercial aviation

Jet A Drop-in Fuels Cryogenic Fuels Electricity
Low-cost Biofuels | High-Cost Power-to- Low-Cost SLNG @ High-Cost Liquid Hydrogen
™ Biofuels Liquids SLNG
Feedstock Crude oil | Waste & plant Cellulosic Hydrogen & Animal manure, Hydrogen & Water & Solar, wind
oils; FTL from biomass atmosph. CO2® | municipal atmosph. CO: renewable
MSW#* wastewater electricity
Fuel Supply Characteristics
Electricity intensity in 2020 ~0 0.02 <0.01 2.1(1.9) 0.05 2.0 (1.8) 1.8 (1.5) 1.0
(2050), kWh(el)/kWh(fuel) @
Capital intensity, mln $/boe/d in 0.01-0.03 0.03-0.13 0.13-0.20 1.0 (0.3) 0.3 1.0 (0.3) 1.3(0.4) 0.14 (0.07)
2020 (2050) ©
Production costs in 2020 (2050), 6-22(6—- | 150-230(130— 180 — 290 380 (100) 110 -230(110-230) | 390 (110) 440 (130) 60 — 150 (30
$/bbI(JFE) 110) 210) (160 — 260) ~70)
Fuel resource potential, EJ 24,000- 0.3-20.5© 60—-110© unlimited 30© unlimited unlimited unlimited
98,000
Climate impact intensity, gCO2(eq)/MJ
Upstream (WTT) 14.3 -61.7 - -62.7 — -70.4 -104.7 — -56.4 0.0 0.0
-36.1 -51.0 -45.8
of which CO2 11.9 -65.9 — -63.0 — -70.4 -75.1 — -56.4 0.0 0.0
-48.0 -58.8 -57.0
of which non-CO> ® 2.4 1.3-23.1 04-11.4 0.0 -29.6 — 0-— 0.0 0.0
11.2 13.9
Combustion (TTW) 104.0 94.1 94.1 94.1 95.5 95.5 35.1 0.0
of which CO2 73.2 70.4 70.4 70.4 56.4 56.4 0.0 0.0
of which non-COz, central 30.8 23.7 23.7 23.7 39.1 39.1 35.1 0.0
value (uncertainty) ® (9.4-54) | (6-47) (6 47) (6 47) (13 - 73) (13 - 73) (11 - 68)
Lifecycle (WTT + TTW) 118.3 32.4-58.0 31.4-43.1 23.7 -9.2 -40.5 39.1 35.1 0.0
of which CO2 85.1 45-224 74-11.6 0.0 -18.7 - -10.6 0.0 0.0 0.0
of which non-CO>® 33.2 25.0 —46.8 24.1 —35.1 0.0 9.5-50.3 39.1-53.0 35.1 0.0
% of lifecycle Jet A 100 27 —-49 27 -36 20 -8-34 33 30 0

(M The biofuels production cost range is determined by feedstock and conversion pathways; lower end: HEFA fuels and waste; higher end: energy crops. @ The cost range of low-cost SLNG is

determined by feedstock; lower end: agricultural residues; higher end: energy crops. ) See Supplementary Section 1.3 (Dray et al., 2022) (4) The electricity intensity captures external electricity
input. Therefore, the electricity intensity of refineries is around zero, as nearly all electric power is produced onsite. (5) Capital intensity is measured in million dollars of investments per barrel of oil
equivalent (boe) per day. (6) Higher number: sensitivity case. In the case of PTL, consistent with DAC costs of US$280 per tonne CO2 at hydrogen production costs of US$1 per kg. (7) Resource

potential of low-cost biofuels from literature (Staples et al., 2018)(GEA, 2012)(IEA, 2020b). High-cost biofuels resource potential corresponds to the lower end and higher end ((Staples et al.,
2018)(GEA, 2012)(IEA, 2020b)), assuming a 50% biomass to fuel conversion efficiency. The low-cost SLNG potential is based on literature (IEA, 2020b) (8) The CO2eq values in this table were
derived using GWP100. The relative impact of CO2 to non-CO?2 is sensitive to time horizon (Supplementary Sections 3.2 and 3.3 from (Dray et al., 2022)). CO2eq emissions of renewable
electricity are assumed to be zero. FTL from MSW, Fischer—Tropsch liquids from municipal solid waste; bbl(JFE), barrel of jet fuel equivalent.
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CO:zeq/Energy (Eq 10): Climate intensity of TTW non-CO; emissions

Aviation’s CO2 emissions footprint is exacerbated by WTT and TTW non-CO2 impacts from
onboard fuel combustion. While WTT non-CO2 emissions are accounted for in the previous
section, jointly, soot, stratospheric water vapor, contrails and contrail-cirrus, oxides of nitrogen,
and sulfur TTW emissions contribute 30-67% to aviation’s total radiative forcing impacts (Grobler
et al., 2019; Lee et al., 2020). The largest contribution, 41-57% of in-flight climate impacts, has

been attributed to contrail-cirrus (Grobler et al., 2019; Lee et al., 2020).

The different chemical composition of alternative fuels leads to differences in their non-CO2
climate impact. Using GWP100, shows the non-CO2 impact from in-flight emissions for different
fuels. We estimate TTW non-COz impacts of drop-in alternative fuels to be 23% lower (range:
67% lower to 38% higher) than that of Jet-A (Table 10 & Figure 40). This decline is due to a 35%
decrease in the contrail impact (Burkhardt et al., 2018; Caiazzo et al., 2017; Teoh et al., 2020),
partially counteracted by an assumed reduction in sulfur-related cooling. For LNG we find the
non-CO:z impacts increase by 27%, mainly due to the elimination of the sulfur related cooling.
Finally, we find the non-CO2 impacts from LH2 are 14% higher per unit energy (range 52% lower
to 120% higher) than from Jet-A, as a result of: (1) a factor 2.6 increase in warming from
stratospheric water vapor emissions; (2) elimination of sulfur related cooling; and (3) a 15%

reduction in contrail warming.
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Figure 40: Resulting non-CO; GWP100 climate impacts for an emissions pulse of each fuel. Here the label SAF
includes all drop-in alternative fuels.

These results are sensitive to the selected time horizon when compared to CO2 emissions. Figure
41 shows in-flight non-CO2 COzeq for each fuel considering a 20-year and a 500-year time
horizon. Despite large relative differences compared to COz, the relative outcomes for different
fuels remain consistent. For example, LNG is estimated to lead to the largest alternative fuel
climate impact, while drop in alternative fuels are estimated to lead to the smallest impact,
regardless of the GWP time horizon selected. This occurs since the atmospheric lifetimes of non-

CO: forcers from in-flight combustion are shorter than all the GWP time horizons considered here.
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Figure 41: CO2eq emissions results for in flight emissions using GWP with time horizons of (a) 20 and (b) 500
years for an emissions pulse of each fuel. Here the label SAF includes all drop-in alternative fuels.

Contrails form in regions with ice supersaturated atmospheric conditions, which have large
horizontal (up to 400 km) extent and a small vertical height (typically less than 600 m) (Mannstein
et al., 2005; Spichtinger et al., 2003), and can thus be avoided through cruise altitude adjustments.
Studies suggest this strategy to result in a small fuel burn penalty at the benefit of a large, avoided
contrail impact (Avila et al., 2019; Schumann et al., 2011; Teoh et al., 2020; Yin et al., 2018).
Using results from our meta-analysis of contrail avoidance (see Methods), the rest of our

assessment is based on an assumed 50% reduction of contrail length for a 1% increase in fuel burn.

Offsets (Eq 10)

Instead of directly reducing their own emissions, airlines can purchase certificates for CO2
emissions reductions in other sectors or carbon sequestration measures. Such an approach is
implemented as part of ICAO’s Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA). However, offset schemes may not fully ensure that emissions reductions

would not have occurred otherwise, are permanent, are not double-counted, and are verified
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(Cames et al., 2016; ICF Consulting, 2020). For these reasons, we do not consider offsetting in

this chapter.

5.4.2. Potentials and costs of single-fuel pathways

The path towards a net-zero aviation system requires a potentially costly transition to low-carbon
fuels. The most suitable fuels identified are biofuels, PTL, and LH2. Their climate impact
mitigation potential is limited by available supply, how fast production can be ramped up, how
ramp-up interacts with demand growth, and—for LH2 as a non-drop-in fuel—the rate of fleet
turnover. To explore the boundaries of mitigation from each candidate fuel, we first analyze
emissions reductions, fuel production infrastructure investment costs, and market response over
time if each fuel is individually regulated into the market at maximum rates through mandates

without supply limitations.

The integrated aviation systems model AIM2015 (Dray and Schéfer, 2021; Dray et al., 2019)
allows modelling these fuel pathways and a no-intervention baseline under different demand
scenarios, defined by socio-economic development, oil prices, technological change, and other
factors (derived from IPCC’s SSP scenarios adjusted for the impact of the COVID-19 pandemic
(Dray and Schéfer, 2021)). Due to their cost-effectiveness, future conventional aircraft generations
are adopted without additional policy intervention. For the hydrogen pathway, LH2 aircraft are
mandated into the fleet from 2035 onwards following AIM2015’s fleet turnover model. For drop-
in fuels, mandates reaching 100% in 2050 are assumed. These runs build upon the World

Economic Forum ambition of 10% biofuel share (around 1.5 EJ) in 2030 and imply drop-in fuel
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supply of nearly 26 EJ in 2050. (WEF, 2020) However, it is unclear to what extent the associated
biomass of ~52 EJ/yr would be available for aviation use (Johansson et al., 2012; Staples et al.,

2018; WEF, 2020).

In the baseline scenarios, aviation direct energy use is projected to increase from 13 EJ in 2019 to
18-29 EJ in 2050, depending on the demand scenario (Table 11). Associated lifecycle (“well-to-
wake”, WTW) CO2 emissions increase from 1.1 to 1.5-2.5 Gt. Mitigating these CO2 emissions
requires discounted investments from $0.5 tln to $2.1 tln, depending on the pathway. Airfares
increase by no more than 17% from year-2019 values and demand growth slows by no more than

0.6 percentage points p.a.

Table 11: Scenario variables and outcomes in the reference scenarios and single-pathway abatement scenarios

Low Demand Middle Demand High Demand
Baseline Single Baseline | Single Baseline Single alternative
(fossil Jet- alternative fuel | (fossil alternative fuel | (fossil Jet-A) | fuel scenarios
A) scenarios Jet-A) scenarios
RTK growth, %/yr (2019- 24 1.8-24 0 3.7 3.1-3.70) 4.1 3.5-400
2050)
Aviation direct energy use | 17.7 15.0-17.6 ® 26.4 22.3-25.8M 29.4 24.9-28.60
in 2050, EJ (c.t. 13 EJ in
2019)
of which EJ provided by | N/A 7.9-17.2® N/A 12.9-25.6@ N/A 14.9-28.5@
alternative fuel
Well-to-wake CO2 1,510 0-822 @ 2,240 0-1,1009 2,490 0-1,170 ®
emissions in 2050, Mt (c.t.
1,070 mln tonnes in 2019)
Cumulative (2019-2050) 40.1 24.9-35.3® 50.0 28.0-42.3® 53.4 29.5-44.7®
well-to-wake CO2
emissions, Gt
Cumulative discounted 13.1 9.9-12.1® 15.9 11.7-14.3© 16.9 12.3-15.1D
climate costs, tln
US$(2020) (19
Cumulative discounted N/A 0.54-1.36 ® N/A 0.83-1.93 ® N/A 0.94-2.12®
(2019-2050) alternative
fuel supply investments, tln
US$(2020)
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Change over 2019 -4.0 -2.1-14 -2.3 -0.8-16 @ -1.3 0.4-17®
constant-price airfare in
2050, % (per RPK)

Table Notes:
() Lower end biofuels, higher end LH2. @ Lower end LH2, higher end PTL.® Lower end PTL, higher end LH2. ® Lower end

biofuels, higher end LH2. ©® Central values and 95% CI: 13.1 (3.2-32.9; baseline); 10.1 (2.5-25.4; PTL); 9.9 (2.5-24.9; biofuel);
12.1 (3.0-30.4; hydrogen). For comparison purposes, climate costs are calculated using RCP2.4 and SSP2. ® Central values and
95% CI: 15.9 (4.0 - 40.1; baseline); 12.2 (3.0-30.6; PTL); 11.7 (3.0-30.6; biofuel); 14.3 (3.6-36.1; hydrogen). (" Central values and
95% CI:16.9 (4.2 - 42.6; baseline); 13.0 (3.3-32.7; PTL); 12.3 (3.1-30.8; biofuel); 15.1 (3.8-38.0; hydrogen). ® Lower end biofuels,
higher end PTL. Discount rate = 2%.  Lower end LH2, higher end biofuels.

Following the single-fuel pathways, only PTL could reduce aviation lifecycle CO2
emissions to zero as shown for the middle demand scenario in Figure 42. Despite the unconstrained
2050 energy supply, the single-LH2 pathway cannot achieve full market share due to fleet turnover
constraints (Panels ¢ and d). Biofuels could be adopted at a significant scale earlier than PTL and
LH2 since production capacity is already being ramped up today. By 2050, under the assumptions
of this thesis, the biofuel pathway would release around 220 million tonnes of CO: due to
remaining fuel production WTT CO: emissions (Panel h). In addition, significant non-COz impacts
remain for all single-fuel pathways because alternative fuels still cause non-CO2 impacts (Table

10), and no action to avoid contrails is included.
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Figure 42: Model outputs for single-fuel pathways in the middle demand scenario.
Figure notes: (a) RTK, (b) average ticket price, (c) fossil jet fuel use, (d) alternative fuel use, (¢) low-carbon
electricity required for fuel production, (f) number of synfuel plants in operation, (g) cumulative discounted synfuel
plant investment costs, (h) combined well-to-wake CO, emissions, (i) combined well-to-wake CO, equivalent GHG
emissions including non-CO; effects on a GWP g basis. Additional panels showing non-CO; effects by GWP;,
GWPsq, radiative forcing, and global mean surface temperature change are included in Dray et al. (2022).
Historical RTK and ticket revenue data is from ICAO (2020)

Owing to the comparatively high electricity intensity of PTL and LH2 (Table 10), power
generation accounts for 59% and 64%, respectively of the investment required in each pathway.
By 2050, around 11,000 TWh and 6,700 TWh of electric power would be needed for PTL and
LH2, respectively (panel e), equivalent to 41% and 25% of year-2020 world electricity generation.
For the biofuel pathway, almost 6,000 fuel production plants would have to be built globally over

the study period.
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For each single-fuel pathway, air transportation continues to grow but at a lower rate compared to
the reference development (panel a), due to higher operating costs raising airfares (panel b). The
ramp-up of PTL production coincides with the cost of PTL declining sharply under aggressive
assumptions for cost reductions in direct air capture, renewable electricity, and electrolysis. To
assess the sensitivity of outcomes, we also simulated the middle demand scenario with 50% higher
projected LH2 costs and twice the projected PTL costs in 2050 (Shell, 2021). Compared to the
projected 2-6% increase in the average 2050 airfare over year-2019 values, the higher fuel costs
result in an 8 and 16% ticket price rise for the LH2 and PTL case and an 7-18% reduction in year-

2050 RTK over baseline values.

Figure 43 to Figure 45 show time series of radiative forcing and temperature change for these
scenarios, as broken out by the different forcing pathways. These figures indicate that the largest
contribution in 2050 due to emissions in the years 2015 to 2050 is from contrails. However, the
radiative forcing impact from contrails only continues in the years that flight operations occur. In
contrast, CO2 radiative forcing persists for centuries. As a result, the temperature response due to
contrails, while larger in magnitude in 2050, decays away within a few decades, while temperature
change due to COz2 persists for hundreds to thousands of years. While the individual components
of the indirect NOx forcing pathways are similar in magnitude to COz for these emissions scenarios,
these indirect NOx related forcing pathways are opposite in sign, leading to smaller net negative

or positive forcings due to NOx emissions.
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Figure 43: Radiative forcing and temperature change for Hydrogen fuel scenarios
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Figure 44: Radiative forcing and temperature change for PTL fuel scenarios
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Figure 45: Radiative forcing and temperature change for biofuel scenarios
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5.4.3. Potentials and costs of combined pathways

PTL and LH2 pathways have limited scale-up potential before the 2030s, whereas biofuels are
likely to experience long-term supply constraints. Therefore, we define combined pathways, which
include supply-constrained biofuels in combination with either LH2 or PTL. Furthermore, to

address non-CO2 impacts, the combined pathways consider contrail avoidance (see Section 5.3.4).

Cost-effective reductions in air transport system energy intensity reduce middle demand scenario
year-2050 WTW COzeq emissions from 4,900 to 3,600 Mt, addressing around 26% of the potential
COzeq emissions in 2050 (Figure 48 a, b). Over 40% of COzeq emission reductions result from
low-carbon fuels, whereas demand effects—from higher airfares—Iead to an additional decline of
up to 10%. Altogether, the combined pathways can reduce year-2050 WTW CO2 emissions by
around 95% relative to baseline runs that include aircraft energy intensity improvements only, and
by over 89% relative to 2019 levels. These reductions are enabled by year-2050 biofuel use of 6.6
EJ (biofuel + PTL pathway) and 11.2 EJ (biofuel + LH2 pathway); year-2050 PTL and LH2 use

is 17.9 and 11.5 EJ, respectively.

However, year-2050 non-CO2 impacts are around 10% higher than those in 2019 because only
60% of the cumulative non-CO2 impacts compared to baseline runs can be addressed. This reflects
that contrail avoidance is assumed to reduce contrail radiative forcing by 50% only, with additional
benefits available from fuel composition changes. Figure 46 and Figure 47 show radiative forcing
and temperature change from each of the climate forcers considered for central-growth combined-
technology pathways. Other non-CO: impacts, e.g., from water vapor emissions, remain

unaddressed.
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Figure 46: Radiative forcing and temperature change for combined PTL and biofuel scenarios
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Figure 47: Radiative forcing and temperature change for combined LH2 and biofuel scenarios

The required discounted investments associated with the aviation energy transition are around $1.7
tln over the 30-year study period (12% lower than in the corresponding single-fuel PTL pathway),
of which around 45% are associated with renewable power generation. In the context of a broader
transition of a net-zero global energy system, middle demand scenario non-discounted investments

are around 2.2% of those required in the global energy and industrial system. (IRENA, 2021)

Aircraft operating costs increase at most by 10-16% relative to the baseline Jet-A scenario over
the study period. These increases are relatively small because alternative fuel costs decrease and

aircraft energy efficiency increases over time, mitigating the cost increase associated with higher
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levels of alternative fuel mandate in later years. Almost the entire cost increase is passed through

to ticket prices, leading to 0.3-0.4% p.a. lower average RTK growth rates for the middle demand

scenario).
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Figure 48: Middle demand scenario related model outputs for two combined pathways aimed at minimizing year-
2050 aviation climate impact, biofuels + PTL and biofuels + hydrogen.

Figure notes: (a) Reduction in COzeq (GWP1¢0) emissions by type of mitigation strategy, biofuels + PTL pathway;
(b) reduction in CO»eq emissions by type of mitigation strategy, biofuels + hydrogen pathway; (c) cumulative
discounted plant investment costs, biofuels + PTL pathway; (d) cumulative discounted plant investment costs,
biofuels + hydrogen pathway. The contribution of each source to emissions reductions is approximate, as there is
interdependency between mitigation measures. E/RTK (existing designs) includes changes in CO»eq from aircraft
designs with pre-2025 entry into service. E/RTK (LF, ops. & ATM) includes the impact of changes in load factor,
operational mitigation measures (e.g., reduced taxi time), and changes in CO,eq from network change over time
(e.g., longer average flight length). RTK reduction results from higher airfares induced by the energy transition.
Non-CO; includes contrail avoidance and non-CO; impacts of alternative fuel use.
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5.5. Discussion and conclusion

An energy transition towards synthetic low-carbon fuels is a necessary condition for the aviation
sector to achieve the net-zero goal. Improvements in air transport fuel efficiency, driven largely
by market forces, can address about a quarter of the projected 2050 lifecycle WTW CO2eq
emissions. These cost-effective reductions will also be an important enabler for the needed energy
transition since they reduce investment requirements for fuel production, limit the need for higher-

cost fuels, and thus mitigate increases in airline operating costs and airfares.

Low-carbon alternative fuels can reduce 2050 lifecycle CO2eq emissions by an additional 40%
and—in combination with reduced air transport demand due to the higher costs of these fuels—
bring aviation 2050 CO: emissions close to zero. This requires LH2 and PTL fuels with zero
lifecycle CO2eq emissions, i.e., the embedded emissions of power generation to be zero. Drop-in
biofuels could play a critical role in the fuel transition over the coming decade, given their near-
term availability. However, as biofuel production is scaled up over time, constrained biomass
availability could limit production volumes and increase costs. Thus, biofuels could be
supplemented by a second wave of fuels which use renewable electricity as a major feedstock —
i.e., LH2 and drop-in PTL. PTL could fully displace other fuel sources by 2050; due to fleet
turnover limitations, 100% use of LH2 is unlikely before 2080. The choice of either PTL or LH2
will depend on the cost of atmospheric CO2 capture and syngas-to-fuel conversion, the upfront
cost and practicability of hydrogen aircraft and fuel infrastructure, and potentially these fuels’ non-
COz impacts. The extent and timing of the introduction of PTL and LH2 over biofuels depends on

their relative cost to biofuels and technology readiness. Our analysis relies on optimistic
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assumptions from the literature; later technology readiness or higher costs could delay or reduce

the scale of PTL or LH2 adoption.

The non-CO2 effects are harder to abate and still have significant impact in 2050. Contrail
avoidance partly addresses the non-CO2 impact of aviation by reducing contrail impacts — perhaps
conservatively estimated — by 50% for a 1% fuel burn penalty or 0.2% increase in aircraft direct
operating cost. However, the reduction in non-CO2 emissions is incomplete. Further research is
needed to address the remaining gap, along with other impacts currently not considered in this

analysis (e.g., climate impacts of hydrogen leakage (Cooper et al., 2022)).

The scale of the energy transition, requiring 1,000 GW-scale LH2 plants or 5,000-6,000 MW-
scale-biofuel plants in 2050, as well as build-up of power generation infrastructure, requires
investments of order $1-2 trillion (discounted to 2019). Without policy intervention, there does not
seem to be a business case, as the alternative fuels are not projected to reach cost parity with fossil
Jet-A. Large-scale, long-term and globally coordinated political incentives are needed to drive this

transition.

At the same time, our models of market feedbacks suggest that the aviation sector could be able to
fully cover the cost of the transition. The projected airfare increases associated with the transitions
in the combined pathways are limited to 10-15% compared to a baseline without energy transition,
with increasing fuel costs partly offset by energy efficiency improvements. As such, the air
transport sector could continue to grow through this transition, thereby enabling larger shares of
the global population to use and benefit from air transportation. However, in light of low airline
profitability, less profitable carriers could be forced to exit markets. Our model cannot capture

such changes to sector structure.
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The analysis presented in this chapter shows that that the aviation sector could move towards a
zero-impact COz system if predictable, long-term incentives are created. Such measures do not
require shifting the cost of the transition away from the aviation sector but can be absorbed by
airlines and customers. However, the required technologies (i.e., biofuels, PTL, LH2 aircraft, and
contrail avoidance) to achieve these goals still require development and scale-up. Additional
measures, such as encouraging mode shifts, as well as measures to reduce non-CO2 impacts, may
further improve the viability of the transition. For the aviation sector to contribute substantially

towards the goals of the Paris Agreement by mid-century, the transition needs to start now.

177



Chapter 6

Conclusions

6.1. Summary of findings and contributions

This thesis provides an investigation into commercial aviation’s historical emissions trends,
current climate impacts, and potential future pathways to reach net zero climate impacts by 2050.

The key findings and contributions from each chapter are summarized below:

Chapter 2 presents the first bottom-up historical emissions inventory for global commercial civil
passenger aviation spanning four decades from 1980 to 2019. Leveraging aviation schedules and
aircraft and airport data, emissions and locations are quantified over time. Results show that
growth in fuel consumption outpaced efficiency gains, with fuel consumption increasing by 330%

over this time, while available seat kilometers increased by 560%. This growth is heterogeneous,
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and we find changes in emissions composition, region, altitude, season, and time of day. These
changing emissions characteristics likely influence present and future climate and air quality
impacts, underscoring the importance of developing solutions that account for aviation’s evolving

impacts.

Chapter 3 quantifies, for the first time, the present-day cumulative climate impacts from aviation
emissions since the start of the jet age, incorporating these spatial, temporal, and compositional
emissions changes over time. Using an intermediate-fidelity aircraft plume model with ERAS
reanalysis weather data, contrail radiative impacts are modeled over time. Findings show contrail
forcing has more than quintupled since 1980. However, per flight distance, contrail impacts
remained within 10% of its value in 1980. This is a net effect of a 32% rise in fraction of flight
segments that produce contrails, being mitigated by a 24% decrease in the radiative forcing per
distance of contrail. The increase in contrail formation is in part due to higher engine efficiencies
which result in higher contrail formation likelihood. We additionally identify a potential increase
in the quantified contrail impacts driven by the mismatch between contrail and the ERAS weather
data length scales. This expansion in the uncertainty range of RF from contrails linked to the
inadequacy of weather data resolution in capturing continuity in water vapor around contrails. By
integrating this continuity, this thesis reveals that contrail impacts could be tripled compared to
existing estimates that overlook this factor. Using these results, including additional uncertainty,
we find that contrails are responsible for 70% of temperature change due to aviation in the year
2019. Given this large and growing impact, this research reinforces the need for contrail mitigation

efforts.
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Chapter 4 presents climate and air quality costs for marginal changes in present-day aviation
emissions. Valued on a common basis, these results allow decision-makers to rapidly evaluate
emissions trade-offs and benefits of emissions reductions. We find that cruise emissions account
for 90% of impacts per fuel unit, with 49-81% from air quality effects depending on discount rate.
Collectively NOx, CO2, and contrails cause 97% of the total impact. Overall, these metrics

facilitate data-driven decision making in aviation technology, operational, and policy options.

Chapter 5 explores how alternative fuels, including drop-in alternatives, and liquid hydrogen, can
be coupled with contrail avoidance, and efficiency gains to enable cost-effective pathways for
aviation’s emissions to reach near net zero climate impacts by 2050. Modeling indicates combining
these measures could reduce aviation lifecycle CO2 emissions up to 94% below 2019 levels, with
costs absorbed through higher airfares. However, challenges remain in fully mitigating non-CO2
impacts. Mitigating this would require higher contrail avoidance than assumed in this thesis.
Collectively, the large investment costs underscore the urgent need to advance technologies and

incentives to align aviation’s growth with climate goals.

6.2. Policy implications

This thesis indicates important policy implications for reducing aviation’s climate impacts. Firstly,
throughout this thesis, these results indicate the need for mitigation strategies that target both CO2
and non-COz impacts, with contrails the most important non-CO2 climate forcer to focus on.
Collectively, Chapter 2 and Chapter 3 indicate that both contrail impacts, and CO2 emissions have

grown since 1980, with the impacts from past emissions persisting into the future. Using a forward-
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looking metric, Chapter 4 indicates that these two forcing pathways are collectively responsible

for more than 100% of the climate damages from a unit of present-day aviation emissions.

Chapter 5 indicates achieving net zero climate impacts by mid-century requires long-term, global
incentives and investments in sustainable aviation fuels, efficiency gains, and operational changes,

with an explicit need for contrail avoidance.

In addition, these results also indicate the importance of targeting NOx emissions for emissions
reductions. Chapter 4 indicates that, while NOx emissions have a small, but uncertain positive or
negative climate impacts, their air quality impacts are similar in magnitude to the combined CO2
and contrail impacts, with relative contributions depending on discount rates. Despite sustained
regulation that aimed to reduce NOx emissions per unit fuel burn by 45% from 2006 to 2016
(ICAO, 2007), our results indicate that NOx emissions growth has outpaced fuel burn growth over
the last 40 years. This indicates that additional or alternative measures may be necessary to limit

NO«x emissions.

6.3. Recommendations for future work

During this thesis, various future research needs are identified. Although uncertainty remains, we
estimate contrail impacts to be on the same order of magnitude than of aviation COz. As a result,
this work echoes other studies that indicate avoiding contrail impacts could produce substantial

benefits, despite the current uncertainty. However, reducing the contrail related uncertainty could
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further inform future trade-offs between avoiding their impacts and increased monetary and

environmental costs.

Several research avenues are identified for advancing the quantification of contrail impacts.
Firstly, higher resolution weather data, with accurate specific water vapor fields remains a major
research need. This would not only be valuable due to reasons already identified in literature, such
as biases in humidity at cruise altitude (Agarwal, 2021; Teoh et al., 2022), but would also inform
the additional uncertainty identified in this thesis. Here we identify additional uncertainty on
contrail impact quantification, caused by the mismatch in length scales between the weather data
grid size and contrail sizes. As a result of this mismatch, far-field changes in water mass content
can affect the contrail in a modeling study that uses these large weather data grid cells to directly
inform water mass in the air around the contrail as the simulation progresses. This thesis indicates
that this uncertainty could increase the subsequent contrail impacts by a factor 3. Therefore, we
reiterate the need for higher resolution weather data, and additionally identify the need for

explicitly accounting for continuity in water mass in the vicinity of the contrail in modeling studies.

Secondly, to calibrate these modeling studies, additional observational studies are needed, in

particular, to quantify the contrail lifetime.

Third, the development of accessible, open-source tools for estimating aviation emissions is
another area in need of further research. Sharing of results between researchers is currently limited
by user agreements of proprietary datasets. Such tools, independent of proprietary datasets, would
facilitate collaboration and could help standardize the inputs, leading to enhanced comparability

of contrail impact assessments.
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Our data from Chapter 3 indicates variability in contrail impacts by region, altitude, time of day,
season, and aircraft characteristics. Since a simplified model for global fleet-wide contrail impacts
remains unavailable, our results in Chapter 4 and Chapter 5 rely on a distance scaling approach to
quantify future climate costs. This highlights the need for a simplified contrail model for evaluating
fleet-wide effects. Such a model would be instrumental for quick assessments of contrail forcing

relative to other aviation-induced climate forcers.

Furthermore, in the context of hydrogen as an alternative aviation fuel, substantial further research
is required. Uncertainties remain in the (i) quantity of hydrogen leakage, both at ground level and
at altitude, and (ii) the climate impacts of hydrogen leakage at cruise altitude. The impact of
hydrogen leakage at altitude is likely different to ground emissions, due to the differences in the
chemical composition of the tropopause and stratosphere, where these emissions would occur.
Furthermore, understanding how hydrogen combustion may alter contrail formation, and contrail
avoidance potential remains a research need. Given hydrogen’s potential in mitigating CO2
emissions from aviation, it is crucial to resolve these uncertainties through both modeling and

empirical studies.

Overall, the thesis revealed multiple high-priority research needs to support policies for sustainable
aviation. Targeting these areas through modeling, experiments, and measurement campaigns can

provide insights to further inform effective solutions.
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6.4. Closing remarks

This thesis provides timely insights into aviation’s evolving climate impacts and options for
mitigation. The findings provide information for data-driven decisions to directly support policies
and investments needed to cost-effectively decarbonize aviation by mid-century. Although
uncertainties remain regarding contrails, hydrogen aircraft, and alternative fuel supplies, this
research informs near-term decisions that can shape aviation’s long-term climate footprint. With
rapidly growing emissions, aligning aviation’s development and climate goals is an urgent,

solvable challenge, requiring immediate collaborative action.
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Appendix

Appendix A APMT-IC: Modeling of NO effects

The climate impacts due to NOx, not only include the nitrate cooling pathway included in Table 3,
but also includes indirect ozone and methane warming and cooling pathways. These ozone-
methane impacts occur on time scales of less than one year and on the atmospheric lifetime of
methane. As such, these lifetimes are also considered when modeling these indirect impacts in

APMT-IC.

To capture the timescales of these impacts, an Absolute Global Warming Potential (AGWP)

approach is applied, where AGWP for species x is defined as

TH
AGWPyy, , = j RE, dt Eq 11
0

Firstly, an emission of NOx leads to an increase in the tropospheric ozone concentrations. Ozone
is a strong warming climate forcer (Myhre et al., 2013), with a short atmospheric lifetime and its
impacts are assumed to last for a single year. Therefore, the AGWP1oo for this forcer is the same
as the RF in the first year following 1 kg of emission. In this description, this pathway is referred
to as the NOx-Os short impact, and it is modeled using the AGWP and the specified NOx emissions.

Mathematically the radiative forcing is derived as
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RFNOx_03,Short (t = 1) = QNOx(t) ) AGWPNOx_03,Sh0rt Eq 12

Secondly, NOx emissions lead to decrease of atmospheric methane due to a NOx related increase
in the hydroxyl radical, which reacts with CHa to reduce the CH4 background concentrations.
Methane is a strong climate forcer, and this decrease leads to a cooling impact. This process,
referred to as the NOx-CH4 long impact, occurs over the atmospheric lifetime of methane of 10-12
years. To model this impact, APMT-IC uses the AGWP to compute the RF in the first year after

emissions using

_ AGWPlOO,NOx—CH4,LDng Eq 13

t
1% dt

RFNo,—cH4 1ong (t=0)

where 7 is appropriate e-folding timescale. After the RFyo, _cn, Long (t = 0) has been computed,

the impact in each year is quantified using an appropriate e-folding timescale 7 as presented in Eq

14.

_t Eq 14
RENO —CHy 1ong (D) = Qno,(8) " RFNo,—CHy o, (E=0) - €77 4
Thirdly, NOx emissions result in a long-term reduction in O3 concentrations, referred to as the
NOx-O3 long impact. The OH radical discussed for NOx-CH4 long impacts also leads to the
production of the hydroperoxyl radical, HO2, which reacts with O3 to reduce the ozone

concentration over a timescale of 10-12 years. This effect is modeled using Eq 15 and Eq 16.

AGW P190,n0,—0s,
_ _ AV Oy ,Long
RFNG,-0510ng (E = 0) = YR

J, eTdt

Eq 15

186



t
RFNG, -0 1ong (t) = Qno, (0) - RENG,-03 10ng (t=0)-ez Eq 16

The AGWP and timescale values are shown in Table 12. These values are taken from Stevenson
et al. (2004); Wild et al. (2001) and Hoor et al. (2009), and capture the uncertainty bounds of more
comprehensive reviews of aviation NOx impacts (Holmes et al. 2011). For a single Monte Carlo
run, APMT-IC takes AGWP values (AGW Py,

AGW Py, AGW Py,

=03 short’ _CH4,Long’ _03,Long)
and an associated exponential decay timescale, 7, from one of the three sources. For example, if it

selects the AGW Py, -0, g, Value from Stevenson et al. (2004), the remaining RF values and the

timescale are also be selected from Stevenson et al. (2004). This is because each of the three NOx

impacts are dependent upon one other and the models used to estimate them.

Table 12: AGWP and timescale values used to model the NO, related ozone and methane impacts. AGWP is
wyr

measured in units of — ol 10°5.
Decay AGWP g AGWPqg AGWPg
Timescale [yr] CHs4 (long) O; (long) O3 (short)
Stevenson et al. (2004) 11.5 -4.2 -0.95 5.06
Wild et al. (2001) 11.8 -4.6 -1.5 7.9
Hoor et al. (2009) 10.7 -4.3 -1.8 7.4

Finally, we note that a NOx related cooling climate impact also results from a methane related
reduction in stratospheric water vapor. APMT-IC does not explicitly model this impact as part of

the NOx contributions, although it is partially included in the stratospheric water vapor listed in

Table 3.
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Appendix B APMC-IC: Modeling temperature response

While RF provides useful information on the climate impacts of aviation emissions, policy makers
may require more information to be able to compare short-lived impacts relative to longer term
impacts. A climate metric based on temperature change facilitates such a comparison. A large
integrated earth-atmospheric-ocean model could be used to estimate temperature change.
However, these models are too computationally expensive to evaluate many policy scenarios. To
facilitate the comparison of many policy options, 1-box or 2-box models that simulate the mixed
ocean layer and the deep ocean have been used within APMT-IC. These models incorporate the
relevant physics to model the impact of RF changes on the temperatures of the atmosphere and
ocean and are fast enough to rapidly analyze many policy scenarios. Wolfe (2012) tested three
models including (1) a model developed in (Shine et al. 2005), which was originally implemented
in APMT-IC, (i1) the Raper-Wigley model (Wigley and Schlesinger 1985; Raper et al. 2001) and
(111) the CICERO model (Schneider and Thompson, 1981; Berntsen and Fuglestvedt, 2008). The
CICERO model was found to approximate the 100-year temperature response more closely for a
variety of scenarios as presented by the IPCC (Wolfe, 2012) and was subsequently implemented

in APMT-IC. In this section, an overview of the CICERO model is provided.

The original versions of the climate model incorporated the temperature response model developed
in Shine et al. (2005). This model used climate sensitivity to estimate the change in the
atmosphere/mixed layer temperature. The CICERO model advances this framework by modeling
the temperature response of the deep oceans, T,, in addition to that of the atmosphere/mixed layer
ocean, T;. The deep ocean temperature is an important addition as this helps simulate the long-
term response of the ocean as a heat sink. The equations used are shown in Eq 17 and Eq 18.
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oT, RF(t) T,

—_— = ———ay (T, —T. Eq 17
ot C, T a;(Ty 2) q
aT.
_atz =ay(Ty — T2) Eq 18

To understand the physics modeled within these equations, we describe each term on the Right-
Hand Side (RHS) separately. The first term in Eq 17, %it), represents the rate of temperature
change due to the estimated radiative forcing, where C; is the effective heat capacity of the
atmosphere/mixed-ocean layer. The heat capacity indicates how much energy is required to result
in a temperature change of the atmosphere. The second part of the RHS in Eq 17, %, captures the

equilibrium temperature due to the radiative forcing given the feedbacks in the climate system.
The final term, which is reciprocated in Eq 18, represents the exchange of heat between the deep

oceans and the atmosphere/mixed-layer ocean. The coefficients a,, and a,, are computed by

Cw ( sz) Eq 19
=2(F
“T Az
Cw ( sz) Eq 20
=2(F+
%=1 Az

where c,, is the specific heat of liquid water, F is the advective mass flux of water from the
boundary layer to deep ocean (assumed constant), K, is the turbulent diffusion coefficient for
mixing between the mixed ocean layer and the deep ocean, p is the density of water, Az is the

mixing depth for turbulent mixing of heat and C, is the heat capacity of the deep ocean.

The 7 parameter in Eq 17 is computed through
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AT Eq 21
T=C1/1=C1RX—ZCOZ q

Fxaco,

where RFy ¢, and ATy, o, are the radiative forcing and temperature change due to a doubling of

COz, respectively.

ATy ¢, 1s known as the equilibrium climate sensitivity (ECS), and determines the temperature

reached at equilibrium. The IPCC estimated two thirds of the ECS probability distribution to fall
between 2K and 4.5K but mentioned that larger values could not be excluded (Roe and Baker,
2007). Following recent peer reviewed social cost of carbon estimates (US Government, 2016)
which used the Roe and Baker (2007) uncertainty distribution, APMT-IC V24b also uses the Roe

and Baker (2007) ESC uncertainty distribution. The Roe and Baker (2007) ECS is derived through

ATx3¢0,,0 Eq 22
ATXZCOZ = Tf‘z

where ATy, ¢0,,0 is the climate sensitivity in the absence of climate feedback effects (estimated be

1.2K, (Roe and Baker, 2007)), and f is the normally distributed feedback factor, which represents
the uncertainty of the climate feedbacks effects. Calibrating the Roe and Baker ECS distribution
to the TAWG SCC parameters, resulted in a mean feedback factor of 0.618 and a standard deviation

of 0.185. In line with the IAWG SCC, the ECS distribution was truncated at 10K.

By comparing the values used within Berntsen and Fuglestvedt (2008) to literature estimates,
expected values as well as uncertainty ranges for each of the other temperature model parameters
were derived. These values are tabulated in Table 13. We note here that these uncertainty ranges

do not necessarily reflect physical ambiguity, but the modeling uncertainty associated with the
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underlying models. For example, the range of Az values represents the various approaches to

representing diffusive heat transfer with more complex models.

Table 13: Values used for the temperature response model. Triangular uncertainty distributions were used, unless
otherwise stated.

Values and Distribution

ATyzc0, [K] Roe and Baker (2007)*
RF,xco, [W/m’] 3.5,3.7,4.2

¢y [J/K/kg x10°] 4.2 (constant)

C; [J/K/m? x10%] 1.791, 3.13, 4.48

C, [J/K/m*x10'] 0.63,1.26,2.52

F [kg/m?/s x10] 0.62,1.23,2.46

K, [m?/s x107] 4.4, 10 (uniform)

p [kg/m?] 1000 (constant)

Az [m] 500, 1000, 2000

*Calibrated to the Interagency Working Group on Social Cost of Carbon (US Government, 2016)

191



Appendix C Climate assessment: Engine calculations

engine thermal efficiency

Thermal efficiency, 71,y is calculated from the definition of overall efficiency, n,yerqn @s given
by

Nen = Noverall Eq 23
Nprop

We calculate 1,411 Using its definitions of thrust specific fuel consumption.

_ v Eq 24
Noverall TSFC - LHV

Where v represents the flight velocity, TSFC represents the thrust specific fuel consumption
(TSFC), as defined in the BADA manual as shown in the equation below.

v
TFSC = a, (1 + 1.944a—) Eq 25
2

Where a, and a, are coefficients defined in the BADA dataset for each of the different aircraft.

The propulsive efficiency is calculated using thermodynamic definitions for gas turbine engines.

2v Eq 26

Nprop =
v+ v;

Where v; is the jet velocity, which is derived using eq 6.9 from Cumpsty and Heyes (2015).

1
Pamp\' ¥
vi= |2¢, T (1— mn)
j \/ p 1t19 Pt19

Where T;,9 and P;q4 represent the total temperature and pressure at the fan exit, and y represents

Eq 27

the ratio of specific heats of air, taken as 1.4. P;;4 is defined by

Pt19=Pt2Hf Eq28
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where Iy represents the overall pressure ratio of the fan, which is linearly interpolated between an

assume 1.8 in 1980, and 1.5 in 2019. We perform a sensitivity study and find that the engine
thermal efficiency is not sensitive to Il and changing from a value of 1.5 to 1.8, causes only a 2-

3 percentage points difference on thermal efficiency.

P;, 1s defined by the relationship

y—1 % Eq 29
Piy = Pymp (1 + TMZ)

Similarly, T4 is defined by

-1 Eq 30
Nfan q
Te10 = Tpp ”fy

Where )4, is taken as unity in line with Cumpsty and Heyes (2015).

Finally, T, is definded by the relationship.

-1 Eq 31
Tia = Tamy (1+ 55— 1) a3

Where the Mach number, M, is derived from the flight speed, and ambient air conditions as given
by
M=_—2 Eq 32

YRT
Mair

Where M,;, represents the molar mass of air, taken here as 28.97 g/mol.
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Appendix D APMT-IC: Physical and Monetary Damage

Monetization of the physical damages due to temperature change forms the final component of the
APMT-IC model. There are three major steps for quantifying the monetary damages in terms of
the Net Present Value (NPV). Firstly, damage functions are used to estimate the climate impacts
due to a temperature change as a percentage of GDP. The dollar values of these damages are
quantified using GDP forecasts. Finally, the NPV of damages is calculated by discounting future

damages to social costs today.

The framework for damage functions was developed in the Dynamic Integrated model of Climate
and the Economy (DICE) (Nordhaus and Boyer, 2000), where climate damages were estimated as
a percentage of GDP due to predicted changes in temperature. Nordhaus and Boyer based their
assessment of damages on valuations of climate impact estimates in six major categories:
agriculture, sea level rise, health, human settlements and ecosystems, other market sections
affected by climate change, and non-market impact. They also account for the possibility of
catastrophic climate change impacts and add 25% for any sectors not quantified by their damages

estimations.

Estimates of the damages as a percentage of GDP are calculated using Eq 33, which incorporates
both a linear sum and a quadratic sum of the temperature change to allow for the non-linearities in

quantifying the climate damages.

alyk AT(t) + azyk AT(t) 2

D, (t) =
k() 1+ ay ( AT(t) + ay  AT(t)?

Eq 33
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In Eq 33, AT is the temperature increase relative to preindustrial levels. The damage function
requires two coefficients to be estimated, a;, and a,,. For Chapter 4, damage function
coefficients are taken from Nordhaus (2017). For Chapter 5, and updated climate costs of marginal
emissions presented in Appendix F, damage function values are taken from Howard and Sterner
(2017). Table 14 tabulates the parameter values. The coefficients are assumed to be normally

distributed with standard deviation, o.

Table 14: Values used within the damage functions

Values based on Values based on

Coefficient Nordhaus (2017) Howarzl;)ric;)Sterner
Ak [fraction G'%] x 1073 0 -
azk [fraction GKDZP] x 1073 2.36 -
o [fraction GDP] x 1073 1.18 -

To convert the climate damages from a percentage of GDP to monetized estimates, the result from
Eq 33 is multiplied by forecasts of GDP. GDP projections are provided by the OECD global
reference Shared Socio-economic Pathways (SSPs) (Dellink et al., 2017). The SSPs allow for the
development of a range of forecasts or “storylines” based on a society’s ability to mitigate or adapt
to the impacts of climate change (Dellink et al., 2017). The SSP scenarios are defined in 2005

USD-values. APMT-IC uses the World Bank GDP deflator to adjust the price levels.
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Appendix E Supplementary results for Chapter 4

Table 15: Full Flight Results

Climate

Air Quality

2% Disc. Rate

2.5% Disc. Rate

3% Disc. Rate

5% Disc. Rate

7% Disc. Rate

3% Disc. Rate

3% Disc. Rate

Country Specific Global Average
VSL VSL
(e[6) $/tonne CO
2 [ 2] 95 62 45 17 9.4 N/A N/A
(14, 250) (9.3, 160) (6.7, 120) (2.7, 44) (1.5,23)
NOy: CH4 [$/tonne NOy as -2600 2200 -2000 -1300 -960
NO;] 3 900, -3 2 3 4 5 N/A N/A
2 (-7000, -370) (-5900, -330) (-5100, -290) (-3300, -210) (-2400, -150)
NO,: O; Short [$/tonne NO, as 2900 2600 2400 1900 1700
NO,] 3 o) 35 3 5 0 5 o) N/A N/A
2 (380, 8200) (350, 7100) (330, 6500) (280, 5000) (260, 4300)
NOy: O; Long [$/tonne NOy as -850 ~730 -640 430 2310
NO,] (-2300, -110) (-2000, -96) (-1700, -85) (-1100, -60) (-800, -45) NA NA
NOj: Nitrate [$/tonne NO as -850 760 -690 2560 490
Aerosols NO:] (-2400, -110) (-2100, -99) (-1900, -93) (-1500, -80) (-1300, -72) NA N/A
NO,: Total [$/tonne NO, as -1400 -1100 910 -360 -66 23000 22000
NO] (-3700, -190) (-3000, -150) (-2500, -120) (-1200, 22) (-620, 340) (3500, 72000) (3400, 71000)
Contrail-Cirrus [$/tonne Fuel 100 89 82 66 58
Burn] N/A N/A
(12, 290) (11, 250) (10, 230) (8.7, 180) (7.8, 150)
Contrail-Cirrus [$/Flight km] 028 025 023 0.19 0.16 N/A N/A
(0.032,0.81) (0.03,0.7) (0.028, 0.64) (0.024, 0.5) (0.022, 0.43)
Fuel Sulfur [$/tonne S] -21000 -19000 -18000 -14000 -12000 30000 31000
(-60000, -2800) (-52000, -2500) (-47000, -2400) (-37000, -2100) (-31000, -1900) (4700, 100000) (4800, 110000)
BC [$/tonne BC] 58000 52000 47000 39000 34000 14000 12000
(7800, 160000) (7200, 140000) (6800, 130000) (5900, 98000) (5300, 83000) (1800, 44000) (1600, 41000)
H,O [$/tonne H,0] 95 62 45 17 1.8 0 0
(14, 250) (9.3, 160) (6.7, 120) (2.7, 44) (0.28, 4.4) (0, 0) (0,0)
NMVOC [$/tonne HC] 7700 5200
NA N/A N/A N/A NA (1100, 21000) (830, 17000)
CcO [$/tonne CO] 290 230
N/A N/A N/A N/A N/A (43. 860) (36.770)
ocC [$/tonne OC] 11000 9800
NA N/A N/A N/A NA (1500, 37000) (1400, 34000)
Total [$/tonne Fuel 370 260 200 110 82 360 350
Burn] (53, 990) (38, 700) (30, 530) (16, 290) (12, 210) (56, 1200) (55, 1100)
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Table 16: Cruise Results with Uncertainty

Climate

Air Quality

2% Disc. Rate

2.5% Disc. Rate

3% Disc. Rate

5% Disc. Rate

7% Disc. Rate

3% Disc. Rate

3% Disc. Rate

Country Specific Global Average
VSL VSL
CO, [$/tonne CO,] 95 62 45 17 9.4
(14, 250) (9.3, 160) (6.7, 120) (2.7, 44) (1.5,23) N/A N/A
NO,: CH,4 [$/tonne NOy as -2900 -2500 -2200 -1500 -1100 N/A N/A
NO;] (-7800, -420) (-6600, -370) (-5700, -330) (-3700, -230) (-2600, -170)
NOx: Os Short [$/tonne NOy as 3300 2900 2700 2200 1900 N/A N/A
NO,] (430, 9200) (390, 8000) (370, 7200) (320, 5600) (290, 4800)
NOy: O; Long [$/tonne NOy as -950 -810 =720 -480 -350 N/A N/A
NO;] (-2600, -120) (-2200, -110) (-1900, -96) (-1300, -67) (-900, -50)
NO: Nitrate [$/tonne NOy as -860 -760 -700 -570 -500 N/A N/A
Aerosols NO;] (-2400, -110) (-2100, -100) (-1900, -94) (-1500, -81) (-1300, -73)
NO,: Total [$/tonne NO, as -1400 -1200 -940 -340 -20 21000 21000
NO;] (-3900, -200) (-3100, -160) (-2600, -120) (-1200, 54) (-590, 460) (3300, 69000) (3400, 70000)
Contrail-Cirrus [$/tonne Fuel 110 100 92 75 66 N/A N/A
Burn] (13, 320) (12, 280) (11, 260) (9.8, 200) (8.9, 170)
Fuel Sulfur [$/tonne S] -24000 -21000 -20000 -16000 -14000 30000 32000
(-67000, -3100) (-58000, -2800) (-53000, -2700) (-41000, -2300) (-35000, -2100) (4700, 100000) (4900, 110000)
BC [$/tonne BC] 64000 57000 52000 43000 37000 7000 7200
(8600, 180000) (8000, 150000) (7500, 140000) (6500, 110000) (5800, 92000) (980, 25000) (1000, 25000)
H,0 [$/tonne H,0] 35 3.1 2.8 2.3 2
(0.48,9.6) (0.44, 8.4) (0.41,7.5) (0.36,5.9) 032, 5) N/A N/A
NMVOC [$/tonne HC] 2300 2100
N/A N/A N/A N/A N/A (360, 7300) (340, 7000)
co [$/tonne CO] 200 180
N/A N/A N/A N/A N/A 31, 630) (28, 610)
oC [$/tonne OC] 7000 7200
N/A N/A N/A N/A N/A (980, 25000) (1000, 25000)
Total [$/tonne Fuel 380 270 210 120 90 340 340
Burn] (54, 1000) (39, 720) (31, 560) (18,310) (13,230) (53, 1100) (54, 1100)
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Table 17: Landing and Take-off Results with Uncertainty

Climate Air Quality
2% Disc. Rate 2.5% Disc. Rate 3% Disc. Rate 5% Disc. Rate 7% Disc. Rate 3% Disc. Rate 3% Disc. Rate
Country Specific Global Average
VSL VSL
CO, [$/tonne CO,] 95 63 45 17 9.5
(14, 250) (9.2, 160) (6.7, 120) (2.7, 44) (1.5,23) N/A N/A
NO,: CH, [$/tonne NOy as -550 -470 -410 -270 -200 N/A N/A
NO,] (-1500, -78) (-1200, -68) (-1100, -61) (-690, -42) (-490, -32)
NO,: Os Short [$/tonne NOy as 390 350 320 260 230 N/A N/A
NO,] (54, 1100) (49, 940) (46, 850) (40, 660) (36, 560) ‘ ‘
NOy: O; Long [$/tonne NOy as -180 -160 -140 -91 -66 N/A N/A
NO;] (-490, -26) (-410, -23) (-360, -20) (-230, -14) (-160, -11) ) )
NO,: Nitrate [$/tonne NOy as -440 -400 -360 -300 -260 N/A N/A
Aerosols NO,] (-1300, -47) (-1100, -43) (-1000, -41) (-810, -35) (-690, -32)
NOy: Total [$/tonne NOy as -780 -670 -590 -400 -290 37000 26000
NO;] (-2200, -100) (-1800, -91) (-1600, -81) (-1100, -55) (-780, -40) (5200, 110000) (4000, 89000)
Contrail-Cirrus [$/tonne Fuel 0 0 0 0 0 N/A N/A
Burn]
Fuel Sulfur [$/tonne S] -3200 -2800 -2600 -2100 -1800 32000 24000
(-8900, -410) (-7700, -380) (-7000, -360) (-5500, -310) (-4600, -280) (4300, 99000) (3400, 85000)
BC [$/tonne BC] 22000 20000 18000 15000 13000 66000 45000
(2300, 65000) (2100, 57000) (2000, 52000) (1700, 41000) (1500, 35000) (8400, 200000) (6300, 160000)
H,O [$/tonne H,0]
0 0 0 0 0 N/A N/A
NMVOC [$/tonne HC] 19000 12000
N/A N/A N/A N/A N/A (2700, 52000) (1900, 40000)
co [$/tonne CO] 520 360
N/A N/A N/A N/A N/A (76, 1500) (56. 1200)
oC [$/tonne OC] 110000 66000
N/A N/A N/A NA N/A (13000,310000) (9200, 230000)
Total [$/tonne Fuel 290 190 130 49 26 590 430
Burn] (42,770) (28, 490) (20, 340) (7.7,120) (4.1, 63) (84, 1700) (65, 1400)
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Table 18: Regional Full Flight Results (3% Discount Rate)

Country Specific VSL Global Average VSL
Asia-Pacific European North American USA Asia-Pacific European North American USA
NOx [$/tonne NOx as 21000 34000 23000 24000 22000 29000 21000 22000
NO:] (3300, 71000) (5200, 100000) (3500, 72000) (3700, 75000) (3500, 73000) (4500, 95000) (3300, 70000) (3400, 71000)
Fuel Sulfur  [$/tonne S] 26000 43000 30000 32000 28000 41000 30000 32000
(4000, 90000) (6500, 140000) (4700, 100000) (4900, 110000) (4300, 95000) (6300, 140000) (4700, 100000) (4900, 110000)
BC [$/tonne BC] 15000 25000 12000 14000 15000 18000 8500 9200
(2000, 52000) (3200, 75000)  (1600,37000)  (1900,43000) (2200, 54000) (2500, 62000)  (1200,30000) (1300, 32000)
NMVOC [$/tonne HC] 6400 20000 4100 4400 6100 11000 3000 3200
(950, 20000) (2700, 54000) (620, 12000) (660, 13000) (970, 20000) (1700, 37000) (480, 9900) (500, 10000)
CO [$/tonne CO] 260 500 260 270 250 340 210 220
(38, 860) (73, 1400) (39, 790) (41, 830) (37, 850) (53, 1100) (32, 700) (33, 720)
oC [$/tonne OC] 9600 22000 10000 11000 10000 16000 8100 8700
(1300, 34000) (2900, 68000) (1400, 33000) (1600, 36000) (1400, 35000) (2300, 57000)  (1100,28000) (1200, 30000)
Total [$/tonne Fuel 350 550 330 350 360 460 300 320
Burn] (53, 1200) (83, 1700) (51, 1000) (55, 1100) (57, 1200) (73, 1500) (48, 1000) (51, 1100)
Table 19: Regional Cruise Results (3% Discount Rate)
Country Specific VSL Global Average VSL
Asia-Pacific European North American USA Asia-Pacific European North American USA
NOx [$/tonne NOx as 19000 31000 23000 24000 20000 28000 23000 23000
NO] (2900, 62000) (4700, 96000) (3600, 75000) (3800, 78000) (3100, 65000) (4400, 93000) (3600, 74000) (3700, 77000)
Fuel Sulfur [$/tonne S] 25000 42000 31000 33000 27000 42000 33000 35000
(3900, 87000) (6400, 140000) (4800, 110000) (5100, 110000) (4100, 91000) (6400, 140000) (5000, 110000) (5300, 120000)
BC [$/tonne BC] 5700 11000 7200 7400 6100 11000 7300 7400
(790, 20000) (1500, 38000) (1000, 25000) (1000, 26000) (860, 22000) (1500, 38000) (1000, 25000) (1000, 26000)
NMVOC [$/tonne HC] 2000 3200 2400 2400 1900 2800 2200 2200
(300, 6300) (490, 9800) (370, 7400) (370, 7500) (300, 6300) (440, 9100) (340, 7100) (340, 7200)
CO [$/tonne CO] 180 270 220 220 170 230 190 200
(27, 580) (40, 820) (33, 680) (34, 690) (26, 570) (35, 760) (30, 640) (30, 650)
oC [$/tonne OC] 5700 11000 7200 7400 6100 11000 7300 7400
(790, 20000) (1500, 38000) (1000, 25000) (1000, 26000) (860, 22000) (1500, 38000) (1000, 25000) (1000, 26000)
Total [$/tonne Fuel 310 480 330 360 320 450 320 350
Burn] (48, 1000) (74, 1500) (52, 1100) (56, 1200) (51, 1100) (70, 1500) (51, 1100) (55, 1100)
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Table 20: Regional Landing and Take-off Results (3% Discount Rate)

Country Specific VSL Global Average VSL
Asia-Pacific European North American USA Asia-Pacific European North American USA
NO« [$/tonne NOx 44000 67000 18000 20000 46000 35000 8300 8900
as NOz] (6400, 150000) (8600, 180000) (2500, 48000) (2800, 53000) (7100, 160000) (5100, 120000) (1300, 27000) (1400, 29000)
Fuel Sulfur [$/tonne S] 37000 52000 20000 24000 38000 32000 8700 10000
(5000, 130000) (6600, 150000) (2600, 57000) (3000, 66000) (5400, 130000) (4400, 110000) (1300, 30000) (1400, 35000)
BC [$/tonne BC] 83000 120000 41000 50000 82000 64000 16000 19000
(11000, 280000) (14000, 320000) (5000, 110000) (6000, 140000) (12000, 290000) (9000, 220000) (2300, 56000) (2700, 67000)
NMVOC [$/tonne HC] 18000 56000 7400 8000 17000 29000 4500 4700
(2600, 55000) (7400, 150000) (1000, 20000) (1100, 21000) (2700, 55000) (4400, 97000) (700, 15000) (740, 15000)
CO [$/tonne CO] 480 1100 380 400 450 600 250 260
(63, 1600) (150, 2800) (54, 1100) (56, 1100) (62, 1600) (95, 2000) (38, 830) (39, 860)
oC [$/tonne OC] 110000 190000 60000 76000 110000 100000 23000 29000
(15000, 380000) (23000, 530000) (7200, 170000) (9100, 210000) (16000, 390000) (14000, 360000) (3300, 82000) (4100, 100000)
Total [$/tonne Fuel 720 1100 280 320 760 600 130 140
Burn] (100, 2400) (150, 3100) (39, 730) (44, 830) (120, 2600) (88, 2100) (20, 420) (22,470)

E.1.1. Air Quality Discount Rate Adjustments

As indicated, the air quality presented in Table 15 to Table 17 are derived using a 3% discount rate. Air quality results can be adjusted for a 2%
and 7% discount rates by multiplying these above air quality results by 1.0311 and 0.9007, respectively. These differences are caused by the
cessation lag between exposure and mortalities.
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E.1.2. CAQSC cost of fuel burn

Table 21: CAQSC cost of fuel burn in different flight phases (USD/Tonne Fuel Burn in 2015) (3% discount rate)

Landing and Take-off Cruise Full Flight
Climate Air Quality Total Climate Air Quality Total Climate Air Quality Total
140 140 140 140 140 140
o, (1,370) N/A (1, 370) (1, 360) N/A (1, 360) (1, 360) N/A (21, 360)
O 9 560 550 -14 320 300 -14 340 330
x (-24,-1.2) (79, 1600) (70, 1600) (-38,-1.9) (50, 1000) (35, 1000) (-37,-1.8) (52, 1100) (38, 1100)
Contrail- 92 92 82 82
Cirrus* 0 0 0 (11, 260) N/A (11,260) (10, 230) NA (10, 230)
Fuel Sulfir -1.6 19 18 12 18 6.3 A1 18 7.6
(-4.2,-0.22) (2.6, 59) (0.92, 58) (-32,-1.6) (2.8, 62) (18, 52) (-28,-1.4) (2.8, 62) (-15,53)
Be 0.89 32 41 1.8 0.25 2.1 17 0.5 22
(0.096, 2.6) (0.42,9.6) (0.98, 11) (0.26, 4.9) (0.034, 0.87) (0.48,5.2) (0.25,4.5) (0.067, 1.6) (0.6,5.3)
35 35 3.1 3.1
H0 0 0 0 (0.51,93) N/A (051,9.3) (0.45,82) N/A (0.45,8.2)
1 1 0.27 0.27 12 1.2
NMVOC N/A (1.6,31) (1.6,31) NA (0.042, 0.85) (0.042, 0.85) N/A (0.17,3.4) (0.17,3.4)
43 43 0.39 0.39 0.72 0.72
co N/A (0.62, 12) (0.62, 12) NA (0.06, 1.2) (0.06, 1.2) NA (0.11,2.1) ©.11,2.1)
0.77 0.77 0.11 0.11 0.16 0.16
oc NA (0.098,2.2) (0.098, 2.2) NA (0.015,037) (0.015,037) NA (0.022,0.53) (0.022,0.53)
Total Cost 130 590 730 210 340 550 200 360 560
(20, 340) (84, 1700) (180, 1900) (31, 560) (53, 1100) (170, 1400) (30, 530) (56, 1200) (180, 1400)
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Table 22: CAQSC cost of full flight fuel burn (USD/Tonne Fuel Burn in 2015) for 2% and 7% discount rates

2% Discount Rate

7% Discount Rate

Climate Air Quality Total Climate Air Quality Total
300 300 30 30
CO: (44, 790) N/A (44, 790) (4.8, 73) N/A (4.8, 73)
O 21 350 330 1 310 300
x (-55, 2.9) (54, 1100) (32, 1100) (:9.3,5.1) (47, 980) (46, 970)
Contrail- 100 100 58 58
Cirrus* (12, 290) N/A (12, 290) (7.8, 150) N/A (7.8, 150)
13 19 5.9 75 16 8.9
Fuel Sulfur 567} 7 (2.9, 64) (21, 53) (-19, -1.1) 2.5, 56) (-8.4, 49)
Be 2.1 0.51 26 12 0.45 1.7
028,58  (0.069,1.7)  (0.66,6.5) (0.19,3) (0.06, 1.4) 0.5,3.7)
38 3.8 22 22
H:0 (0.52, 10) N/A (0.52, 10) (035, 5.4) N/A (0.35, 5.4)
12 12 11 11
NMVOC N/A (0.18, 3.5) (0.18, 3.5) N/A (0.16,3) (0.16, 3)
0.74 0.74 0.65 0.65
co N/A (0.11,2.2) (0.11,2.2) N/A (0.097, 1.9) (0.097, 1.9)
0.17 0.17 0.15 0.15
0C N/A (0.023,0.54)  (0.023,0.54) N/A (0.02,048)  (0.02,0.48)
Total Cost 370 370 740 82 320 410
(53, 990) (57, 1200) (240, 1800) (12, 210) (50, 1000) (110, 1100)
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E.2. Climate Yearly Growth of Metrics

The magnitude of climate damages per unit of emission increases with time, given the middle of
the road RCP 4.5 and SSP 1 scenarios used in Chapter 4. These growth rates are calculated by
using APMT-IC to calculate the marginal costs per unit of emissions for emissions pulses in 2025,
2035, 2045, and 2055 for each discount rate. Subsequently a growth rate r is calculated for each

forcer by using the derived cost data to perform a least-squares fit to the functional form of Eq 34.

NPVi—z0154at = NPVg15(1 +1)4¢ Eq 34

In this equation, NPV,,;5 represents the marginal climate cost in 2015 and NPVi_zp1544t

represents the marginal climate costs due to an emissions pulse At years after 2015.

Table 23 shows the derived annual growth rate for each species under three different discount
rates. These growth rates can be used along with Eq 34 to adjust the climate cost metrics presented
in Section Appendix E for emissions in future years. To calculate the impact of future emissions
of NOx, the impact of the individual NOx components must be computed individually and summed

for the overall NOx impact.

Table 23: Climate impact annual growth by species.

2% Discount 3% Discount 7% Discount
Rate Rate Rate

CO; 1.6% 2.1% 3.2%

NOy: CHq4 3.5% 3.8% 4.3%

NOx: O3 Short 4.3% 4.7% 5.0%

NOy: O3 Long 3.5% 3.8% 4.3%

NOxy: Nitrate Aerosols 4.3% 4.7% 5.0%
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Contrail Cirrus 4.3% 4.7% 5.0%

Sulfates 4.3% 4.7% 5.0%
Black Carbon 4.3% 4.7% 5.0%
H,O 4.3% 4.7% 5.0%

The growth rates in Table 23 show increasing marginal costs of emissions pulses in future years.
This observed increase in the magnitude of marginal costs is driven by three factors. The first is a
combination of increasing background temperature change under the RCP 4.5 scenario and the
non-linear DICE damage function. As background temperature change increases, total damages
increase approximately quadratically. As a result, the same amount of marginal temperature
change will result in higher marginal damages as time passes, because of background temperature
change increases. Secondly global GDP increases with time under SSP 1 scenario. Because
damages are computed as a fraction of global GDP, as the GDP increases, so do the calculated
damages, even if the temperature change remains constant. Third, for CO2, the accumulation of
COz2 in the atmosphere with time under the RCP 4.5 scenario leads to slower removal of a marginal
pulse of COz. This leads to more warming and more subsequent damage per unit of marginal CO2

as time increases.

E.3. Sensitivity to RCP and SSP Scenario

Climate results presented in Table 15 to Table 22 are derived using RCP 4.5 and SSP 1 scenarios,

which both represent middle of the road scenarios. Sensitivity to alternative scenarios is evaluated
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by computing climate results for alternative emissions and socio-economic scenarios, such as low

and high RCP and SSP scenarios.

Table 24 presents changes to results under RCP 2.6 and RCP 8.5, representing low and high
background emissions scenarios, respectively. Higher background CO2 emissions lead to longer
lasting aviation COz2, in turn which leads to a decrease in the radiative forcing due to an extra unit
of CO2, however, increased background emissions also increase the background temperature
change, which increases the marginal climate damages. On net, an increase in background
emissions leads to an increase in damages for a warming forcer, and an increase in benefit for

cooling forcers as illustrated by Table 24.

Table 25 presents changes to results under SSP 3 and SSP 5 scenarios representing low and high

socio-economic scenarios, respectively.

Table 24: Climate model Sensitivity to RCP Scenario

RCP 2.6 (Low Emission Scenario) RCP 8.5 (High Emission Scenario)
2% DR 3% DR 7% DR 2% DR 3% DR 7% DR
CO, -25% -18% -7% 11% 14% 9%
NOy: CHy -10% -7% -3% 17% 12% 7%
NOy: O3 Short -7% -3% 0% 13% 8% 3%
NOy: O3 Long -10% -7% -3% 17% 12% 7%
NO,: Nitrate Aerosols 7% -3% 0% 13% 8% 3%
NOx: Total -15% -15% -58% 22% 21% 75%
Contrail-Cirrus -7% -3% 0% 13% 8% 3%
Sulfur Impact -7% -3% 0% 13% 8% 3%
BC -7% -3% 0% 13% 8% 3%
H,O -7% -3% 0% 13% 8% 3%
Total -21% -13% 2% 11% 11% 4%
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Table 25: Climate model Sensitivity to SSP Scenario

SSP 3 (Low Socio-Economic SSP 5 (High Socio-Economic
Scenario) Scenario)
2% DR 3% DR 7% DR 2% DR 3% DR 7% DR

CO, -42% -39% -23% 79% 53% 19%
NOy: CH4 -24% -20% -13% 27% 18% 9%
NOx: O3 Short -14% -9% -4% 23% 11% 3%
NOx: O3 Long -24% -20% -13% 27% 18% 9%
NOx: Nitrate Aerosols  -14% -9% -4% 23% 11% 3%
NOx: Total -38% -41% -169% 33% 31% 119%
Contrail-Cirrus -14% -9% -4% 23% 11% 3%
Sulfur Impact -14% -9% -4% 23% 11% 3%
BC -14% -9% -4% 23% 11% 3%
HO -14% -9% -4% 23% 11% 3%
Total -36% -28% -9% 68% 39% 8%

E.4. CO:z Equivalent Climate Results per Unit of Fuel Burn

In this section, cost metrics are presented on a CO2 equivalent per unit of fuel burn basis, in the
form of a Net Present Value (NPV) ratio. The NPV ratios are calculated using the mathematical

expression

NPV; ;
NPV Ratio = X,per unit fuel burn

Eq 35
Nl:)VCOZ,per unit fuel burn 4

where NPVy jer unit fuel burn T€presents the climate cost or benefit of emissions species X per unit
of fuel burn, and NPV¢, per unit fuel burn represents the climate cost/benefit of CO: for a unit of

fuel burn. Therefore, these ratios represent the relative importance of each of the short-lived

climate forcers to the importance of CO: for each unit of fuel burn.
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For this chapter, these results are derived by applying Eq 35 to each Monte Carlo simulation, and

then the mean, and 5" and 9™ percentile values are found from the set of 100,000 Monte Carlo

simulations. Table 26 presents the results for the mean, 5™ and 95™ percentile of the NPV ratios.

Table 26: Climate Cost Metrics on a CO; equivalent per unit of fuel burn basis (Present Study)

2% Discount Rate 3% Discount Rate 7% Discount Rate
CO, 1.00 1.00 1.00

(1.00, 1.00) (1.00, 1.00) (1.00, 1.00)
NO, -0.07 -0.09 -0.03

(-0.10, -0.04) (-0.15, -0.05) (-0.24, 0.14)
Contrails* 0.33 0.58 1.95

(0.16, 0.53) (0.28, 0.92) (0.96, 3.08)
Fuel Sulfur -0.04 -0.07 -0.25

(-0.06, -0.03) (-0.11, -0.05) (-0.36, -0.16)
BC 0.01 0.01 0.04

(0.00, 0.01) (0.01, 0.01) (0.03, 0.05)
H,O 0.01 0.02 0.07

(0.01, 0.02) (0.02, 0.03) (0.06, .09)
Total Fuel 1.24 1.44 2.77
Burn (1.07, 1.43) (1.15,1.78) (1.77,3.92)

* Contrails include contrail-cirrus

These metrics correspond to the metrics presented in Table 2 in Dorbian et al. (2011). However,

low and high results in Dorbian et al. (2011) are presented for low and high lens assumptions, and

not by Monte Carlo Simulation.

For ease of comparison, the results presented in Dorbian et al. (2011) are presented in Table 17.

The Dorbian et al. (2011) contrail and the total fuel burn results fall within our contrail uncertainty

range, however NOx, fuel sulfur, BC, H20 fall outside our uncertainty range. Both Dorbian et al.
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(2011)’s results and results from this thesis were derived using the same climate model (APMT-

1C).

Table 27: Cost Metrics presented in Dorbian et al. (2011) on a CO; equivalent per unit of fuel burn basis. The
values between the brackets represent model assumptions for low and high climate damages for both the numerator
(the short-lived climate forcer) and the denominator (CO,)

2% Discount Rate

3% Discount Rate

7% Discount Rate

o 1.00 1.00 1.00
2 (1.00, 1.00) (1.00, 1.00) (1.00, 1.00)
NO -0.03 -0.03 0.18
x (-0.05, -0.03) (-0.06, -0.03) (0.07, 0.15)
Contrails® 0.42 0.74 2.28
(0.1, 0.56) (0.19, 1.06) (0.62, 3.56)
-0.11 0.2 -0.61
Fuel Sulfur (-0.27, -0.01) (-0.51,-0.01) (-1.65, -0.03)
BC 0.08 0.14 0.43
(0.01, 0.14) (0.01, 0.25) (0.03, 0.85)
O 0.07 0.13 0.41
2 (0.00, 0.13) (0.01, 0.25) (0.02, 0.83)
1.4 1.8 3.7
Total Fuel Burn (0.8, 1.8) (0.6, 0.25) (0.1, 6.4)

* Contrails includes contrail-cirrus

The differences in results can be explained by changes in short-lived climate forcer uncertainty

distributions. Table 18 shows the radiative forcing estimates for aviation used in Chapter 4, as well

as in Dorbian et al. (2011). Changes in these estimates are due updated radiative estimates derived

by the ACCRI phase two research initiative (Brasseur et al. 2016). Results for the overall total fuel

burn remain similar because it is driven by the largest cost contributors, CO2 and contrails, for

which the uncertainty distributions have remained stable.
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Table 28: Comparison of RF Uncertainty Distributions

Forcer Chapter 4 Dorbian et al. (2011)
Based on Brasseur et al. (2016)

Contrails (and Contrail Cirrus) 37.9 (12.4 to 80) 33, (12.5 to0 86.7)

Fuel Sulfur -4.8 (-3 t0 -9) -4.8, (-0.79 to -29.3)

BC 0.6 to 1 (Uniform Distribution) 3.4 (0.56 t0 20.7)

H,O 1.3 to 2 (Uniform Distribution) 2.8 (0.39 t0 20.3)

Nitrates (One of four indirect NOx

impacts included in the climate -7.5 to -3 (Uniform Distribution) Not included

model)

E.S. Results — Percentage PM:.s vs Ozone Impact

Table 29 presents the percentage of the total air quality impact arising from the PM2.s emission to

impact pathway. The remainder of the impact arises from the population exposure to ozone.

In all flight phases, and for all species except CO, we find the PM2.s impact pathway the largest
contributor to costs. Per unit fuel burn we find the PM2.5s impact pathway to be responsible for 63%
of the overall costs in full flight, similar to Eastham and Barrett (2016) who find an overall
percentage of 58% mortalities from PMzs5, and the remainder from ozone related impacts. In the
LTO flight phase we find the PM2.s impact pathway to be responsible for 80% of the impact, and

60% in cruise.

Table 29: PM, s Impact as a percentage of overall impact.

Full Flight LTO Cruise
NO« 62% 80% 59%
Sulfur Impact 80% 98% 79%
BC 100% 100% 100%
NMVOC 67% 71% 53%
CoO 39% 39% 38%
oC 100% 100% 100%

Total Cost Per unit fuel burn 63% 80% 60%
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E.6. Marginal and Average Costs

Due to non-linearities involved in both climate and air quality impacts, the marginal cost, which
is the cost due to an additional unit of emission, differs from the average cost of a unit of
anthropogenic emission. In line with the purpose of this chapter, we present marginal cost metrics,
which are applicable to evaluate the impact of marginal emissions interventions. However, this
approach is not appropriate when quantifying aviation’s contribution to the total anthropogenic

damages. To illustrate, we present an example based on the climate damage function.

The climate results are derived using a nonlinear damage function defined by Nordhaus (2017).
Using this damage function, total damages due to anthropogenic emissions is calculated using Eq

36.

alAT?,

D(AT,) = ——2L
(ATan) aATZ, + 1

Eq 36

Where AT, is the temperature increase from preindustrial conditions and a represents the damage

function coefficient defined as discussed in Section Appendix D.

The damages due to an average unit of background emission can be calculated by attributing a
portion of the total damages to the unit of background emissions, for instance on a CO2 equivalent

emissions basis, or on a temperature change basis.

In contrast, the damages due to an additional unit of emissions, i.e., marginal damages, are
estimated using
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DMarginal(ATall'AT) = D(ATall) - D(ATall —AT) Eq 37

While the marginal approach remains valid to evaluate the impact of emissions interventions, it
would not accurately capture the total damages due to anthropogenic emissions if each sector is
treated individually. Or put differently, if this same marginal approach (Eq 37) is used to calculate
the impacts from all sectors individually, the damages from the sum of all the sectors will not be

equal to the total damages as calculated with Eq 36.

For climate, we expect the marginal damages per unit temperature change to be larger than the
total damages per unit temperature change, due to the quadratic nature of the non-linear damage

function for the range of AT,;; considered under the RCP scenarios (AT,; < 10 °C).

To quantify this, we can find the ratio of marginal damages per unit of temperature increase (AT)
to the average damages per unit of temperature increase from preindustrial conditions (AT,y).

Mathematically this can be written as

DMarginal (ATalln AT)
AT
D(ATyy)

ATan

Ratio =

Eq 38

By substituting the damage function and recognizing that for infinitesimal temperature increases,

the numerator can be written as the derivative of the damage function, the ratio becomes

2
aATau +1

For small all-source temperature increases, the marginal climate damages per unit of temperature

change is subsequently approximately double the damages for an average unit of background
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temperature change. Under RCP 4.5 emissions scenario, total temperature increases are predicted

GDP
ocz

to be between 1 and 5 °C and a = 0.00236 fraction —-. Therefore, the ratio of marginal to total is

expected to be between 1.9 and 2.

This analysis is greatly simplified by the analytical climate damage function. However, for the air
quality impacts, numerically derived using GEOS-Chem, an analytical damage function is not
available and it is not clear how the marginal damages differ from the average damages without

performing multiple additional numerical simulations.

E.7. Monte Carlo Convergence and Sensitivity Study

E.7.1. Convergence

The climate and air quality impact distributions are computed using quasi-random Monte Carlo
simulations. Uncertain parameter draws are selected using a Sobol sequence. The relative standard
error of the sample mean is used to quantify convergence. It is defined as

o
. == Eq4
StError \/N . ,Ll q O

where ¢ indicates the output standard deviation, N indicates the number of Monte Carlo
simulations, and y indicates the output mean. For the purpose of this work, we consider a relative

standard error of the sample mean less than 1% to be converged.

212



Eq 40, a result of the central limit is theorem, can only be applied under the condition of a finite
population variance. Finite population variance can be verified by indicating the variance of
variance reduces as the number of samples increase. Figure 49 shows the variance of variance for
the climate and air quality total fuel burn metrics as the number of Monte Carlo simulations
increase. The figure is generated by running the climate and air quality models 1000 times for the
number of samples indicated on the x-axis. These plots show that the variance converges as the

number of samples increases. Therefore, the central limit theorem, and Eq 40 are expected to

remain valid.

In this Chapter, we used 100,000 draws. At this number of draws, the relative standard error of the
sample mean is less than 0.5% for both the climate and air quality results, indicating a satisfactory

level of convergence.

Climate: Variance of the Variance versus Number of Simulations &ir Quality: Variance of the Variance versus Number of Simulations
107 10
| 10
T 108 w
(&) [&]
= =
k] k| |
5 | 5 .l
= | = 107 F|
s \ k= \
3 107 F\ 8 \
c \ c \
& \ 5] \
B \ 5 107k \
2 N > \
=] “y =] N
@ @ ~
2 108 . = -
T 108 S
. —
W e TTNA—
— —
10° 10° —
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Number of Simulations Number of Simulations
(a) (b)

Figure 49: Variance of variance of (a) climate and (b) air quality model outputs
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E.8. Sensitivity to Uncertain Variables

Methods

Mathematically, the total effect index can be written as

s _ 1 VIEQIED]

. Eq 41
’ v(Y) 1

Total effect indices are estimated using Saltelli’s method (Saltelli et al., 2008). Derivation steps

are outlined below following the description in Saltelli (2008).

We define two matrices, A and B, which each includes a set of input variables suitable for one
Monte Carlo simulation. This leads to two (N, k) matrices of random numbers, where N is the
number of members included in the Monte Carlo simulation, and k represents the number of
uncertain variables considered. Furthermore, we define the matrix Ci, which is the matrix B, with
one column (i.e., values for the uncertain input variable i) replaced with the values from matrix A

for the same uncertain input variable i.

Then we use our climate or air quality Monte Carlo simulation code to compute the output for
f(A), fiB) and f(C;), where findicates the climate or air quality damage quantification for the given

inputs. This leads to the set of column vectors

ya= f(A)
yg = f(B) Eq 42
ve; = f(C)

These column vectors are used then used to derive the St,, for input variable 7, using the formula
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Vb Ye, — fo

Sp.=1— Eq 43
‘ Vi Ya— I
Where T indicates the transpose, and f, represents the output mean
N
22 Z Eq 44
E—N.lm q
]=

Using this method, the St.s are only approximate, because these values are based on Monte Carlo
simulation. To ensure adequate convergence, we use a sobol’ set with N=100,000 to draw the
initial (N, 2k) matrix for the climate results, and for air quality we use 1,000,000 members to derive

this sensitivity study.

Results

Table 30 and Table 31 present the total effect indices for air quality and climate, respectively. We
find that the largest contributors to output uncertainty in the overall sensitivity of climate impact
per unit of fuel burn are (i) climate sensitivity and (ii) the climate damage function, with total effect

indices of 0.66 and 0.43, respectively. The indices of all other uncertain variables are below 0.04.

For air quality, we find the uncertainty in the VSLi1990 to be the largest contributor to the overall
uncertainty, with a total-effect index of 0.83. Income elasticity has a total-effect index of 0.13,

while the concentration response function has indices of less than 0.06 or less.

When calculated analytically these indices sum to one for a purely additive model but can exceed

one if interaction effects exist. For the climate model, the sum over all the total-effect indices is
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1.16, while for air quality the sum is 1.15. This indicates significant effect interaction for both

models.

Table 30: Estimates of the total order sensitivity indices computed using Saltelli’s method for air quality impact per

unit of fuel burn
Variable ;rs(?]t“;l)l Effect Index
VSL Elasticity 0.12
PM. s CRF 0.07
O; CRF 0.05
VSL 1990 0.77
GEOS-Chem Uncertainty — PM; 5 0.13
GEOS-Chem Uncertainty — O3 0.02
Total 1.15

Table 31: Estimates of the total order sensitivity indices computed using Saltelli’s method for climate impact per

unit of fuel burn
Variable Total Effect Index (Sti)
CO; RF model 0.00
NOx Model 0.00
RF Contrails 0.04
RF Sulfates 0.00
RF BC 0.00
RF H,O 0.00
RF Nitrate 0.00
RFpoubling coz 0.00
Heat Capacity of Ocean Mixed-layer 0.00
Climate Sensitivity 0.66
Temp model Diffusion Coef 0.00
Temp model Advection Coef 0.01
Heat Capacity of Deep Ocean 0.00
Ocean Turbulent Mixing Depth 0.01
DICE Damage Function 0.43
Total 1.16

216



Appendix F Additional marginal climate and air quality

cost metrics results

Since Chapter 4 predates the rest of the work of this thesis, its results are derived using APMT-IC
before additional updates were made to the code to capture recent research results. These updates

are described in Section 5.3.2. In short, they include:

(1) Updates to the contrail-cirrus radiative forcing and subsequent expected atmospheric
temperature response to this forcing to explicitly separate the estimation of RF and effective
RF (ERF, the change in energy forcing after certain short-term climate feedbacks have
occurred), in line with recent literature investigating RF & ERF differences for contrails
(Bickel et al., 2020a; Bock and Burkhardt, 2016; Burkhardt and Kércher, 2011; Chen and
Gettelman, 2013; Lee et al., 2020; Ponater et al., 2006; Rap et al., 2010; Schumann et al.,
2015);

(2) Updates to the NOx-related methane forcing. Following the method Lee et al. (2020) we
increase the forcing of NOx related methane forcing by 14%. This accounts for additional
short-wave RF previously not accounted for in the methane radiative transfer function
calculations (Etminan et al., 2016);

(3) Updates to the cost of global warming. In Chapter 4, APMT-IC used the damage function
from the Dynamic Integrated Climate-Economy (DICE) model (Nordhaus, 2017), which is
consistent with the social cost of carbon as proposed by the US Interagency Working Group
on Social Cost of Carbon (US Government, 2016). This damage function was based on a meta-
analysis of 17 studies quantifying market and non-market damages (Nordhaus, 2017). Recent
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reports indicate that traditional integrated assessment models, including DICE, lag recent
research on climate damages (Greenstone, 2016; US Government, 2021). After work from
Chapter 4 had been published, the damage function in APMT-IC was updated to the damage
function from Howard and Sterner (2017). This damage function is based on a meta-analysis
of a larger number of damage estimates from literature and explicitly treats dependencies
between different underlying studies to avoid overrepresentation of results from specific
studies. This change leads to social cost of carbon of 246 USD2020/tonne CO2 (90% confidence
interval 61.4 to 624) for RCP2.6 and SSP2 background scenarios and a 2% discount rate. For
a 3% discount rate, RCP4.5 and SSP1 the social cost of carbon in 2020 is 158 USD2020/tonne

CO2 (90% confidence interval 46.4 to 352) in 2020 USD.

For comprehensiveness, and consistency between the different chapters of this thesis, we

additionally present a second set of results for Chapter 4 here.
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Table 32: Cost metrics for full flight emissions using updated APMT-IC

Climate Air Quality
3% Disc. Rate 3% Disc. Rate
2% Disc. Rate 2.5% Disc. Rate 3% Disc. Rate 5% Disc. Rate 7% Disc. Rate Country Specific Global Average
VSL VSL
co2 [$/tonne CO2]
270 180 130 52 28 N/A N/A
(76, 600) (52, 400) (38,290) (16, 120) (8.9, 62)
NOx: CH4 [$/tonne NOx
as NO2] -8900 -7700 -6800 -4600 -3400 N/A N/A
(-21000, -2400) (-18000, -2100) (-16000, -1900) (-10000, -1400) (-7400, -1000)
NOx: O3 Short  [$/tonne NOx
as NO2] 8800 7900 7300 6000 5200 N/A N/A
(2100, 22000) (2000, 20000) (1900, 18000) (1600, 14000) (1500, 12000)
NOx: O3 Long  [$/tonne NOx
as NO2] -2500 -2200 -1900 -1300 -960 N/A N/A
(-6300, -610) (-5400, -540) (-4700, -490) (-3100, -340) (-2200, -260)
NOx: Nitrate [$/tonne NOx
Aerosols as NO2] -2600 -2300 -2100 -1700 -1500 N/A N/A
(-6500, -590) (-5800, -550) (-5300, -520) (-4200, -460) (-3600, -420)
NOx: Total [$/tonne NOx
as NO2] -5200 -4200 -3500 -1600 -580 23000 22000
(-12000, -1400) (-10000, -1200) (-8400, -940) (-4300, -270) (-2400, 490) (3600, 73000) (3500, 72000)
Contrail-Cirrus  [$/tonne Fuel
Burn] 200 180 170 140 120 N/A N/A
(42, 530) (39, 470) (37,430) (32, 340) (29, 290)
Contrail-Cirrus ~ [$/Flight km]
0.97 0.87 0.81 0.66 0.58 N/A N/A
(0.2,2.6) (0.19,2.3) (0.18,2.1) (0.15, 1.7) (0.14, 1.4)
Fuel Sulfur [$/tonne S] -64000
(-160000, - -58000 -53000 -44000 -38000 30000 31000
15000) (-140000, -14000)  (-130000, -13000)  (-100000, -12000) (-88000, -11000) (4700, 100000) (4800, 110000)
BC [$/tonne BC]
170000 160000 140000 120000 100000 14000 12000
(44000, 430000) (41000, 380000) (39000, 350000) (34000, 270000) (31000, 230000) (1800, 45000) (1600, 41000)
H20 [$/tonne H20]
9.2 8.3 7.7 6.3 5.5 N/A N/A
(2.4,23) (2.2, 20) (2.1, 18) (1.8, 14) (1.6, 12)
NMVOC [$/tonne HC]
N/A N/A N/A N/A N/A 7700 5200
(1100, 22000) (840, 17000)
Cco [$/tonne CO]
N/A N/A N/A N/A N/A 290 230
(44, 870) (36, 780)
ocC [$/tonne OC]
N/A N/A N/A N/A N/A 11000 9800
(1500, 37000) (1400, 34000)
Total [$/tonne Fuel
Burn] 950 660 510 260 190 360 350
(260, 2200) (190, 1500) (140, 1200) (73, 610) (53, 430) (57, 1200) (55, 1100)
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Table 33: Cost metrics for cruise emissions using updated APMT-IC

Climate

Air Quality

2% Disc. Rate

2.5% Disc. Rate

3% Disc. Rate

5% Disc. Rate

7% Disc. Rate

3% Disc. Rate

3% Disc. Rate

Country Specific Global Average
VSL VSL
o, [$/tonne 270 180 130 52 28
COsJ (76, 600) (52, 400) (38, 290) (16, 120) (8.9, 62) N/A N/A
NO,: CH, [$/tonne NO, -9800 -8400 -7500 -5000 23700 NA NA
as NO,] (23000, -2700) (20000, -2400)  (-17000,-2100)  (-11000,-1500)  (-8100, -1100)
NO,: O; Short  [$/tonne NO, 9700 8700 8000 6600 5800 NA NA
as NO,] (2400, 25000) (2200, 22000) (2100, 20000) (1800, 15000) (1700, 13000)
NO.: OsLong  [$/tonne NO, 22800 22400 22100 -1400 -1000 VA NA
as NO»] (-6900, -670) (-5900, -600) (-5200, -540) (3400, -380) (2400, -290)
NO: Nitrate  [$/tonne NO, 22700 22400 22200 -1800 -1600 NA NA
Acrosols as NO,] (-6800, -610) (-6000, -570) (-5500, -540) (-4400, -470) (3700, -430)
NO: Total [$/tonne NO, -5500 -4500 23700 -1700 4550 21000 21000
as NO,] (-13000, -1500) (-11000,-1200)  (-8900, -1000) (-4500, -260) (2500, 630) (3300, 70000) (3400, 70000)
Contrail-Cirrus ~ [$/tonne Fuel 230 200 190 150 130 N/A N/A
Burn] (48, 600) (44, 530) (42, 480) (36, 390) (33, 330)
Fuel Sulfur [$/tonne S] -64000 -59000 -49000
~72000 (-160000, - (-150000, - (-110000, - -43000 30000 32000
(-180000, -17000) 16000) 15000) 13000) (-98000,-12000) (4700, 100000) (4900, 110000)
BC [$/tonne BC] 190000 170000 160000 130000 120000 7000 7200
(49000, 480000)  (45000,430000)  (43000,390000)  (37000,310000) (34000, 260000) (980, 25000) (1000, 25000)
H,0 [$/tonne 10 9.4 8.7 7.1 6.2 0 0
H,0] (2.7, 26) .5, 23) 23,21) @.1,16) (19, 14) (0, 0) (0, 0)
NMVOC [$/tonne HC] 2300 2100
N/A N/A N/A N/A N/A (370, 7400) (340.7100)
co [$/tonne COJ 200 180
N/A N/A N/A N/A N/A 61 640) (25.610)
oc [$/tonne OC] 7000 7200
N/A N/A N/A N/A N/A (980, 25000) (1000, 25000)
Total [$/tonne Fuel 970 680 520 280 200 340 340
Burn] (270, 2200) (190, 1600) (150, 1200) (77, 640) (56, 470) (53, 1100) (54, 1100)
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Table 34: Cost metrics for LTO emissions using updated APMT-IC

Climate Air Quality
2% Disc. Rate 2.5% Disc. Rate 3% Disc. Rate 5% Disc. Rate 7% Disc. Rate 3% Disc. Rate 3% Disc. Rate
Country Specific Global Average
VSL VSL
CO, [$/tonne CO,] 270 180 130 52 28 N/A N/A
(77, 610) (52, 410) (38, 290) (16, 120) (9.1, 63)
NOy: CHy [$/tonne NO, as -1800 -1600 -1400 -940 -690 N/A N/A
NOs] (-4400, -510) (-3800, -450) (-3300, -410) (-2100, -290) (-1500, -210)
NO,: O; Short [$/tonne NOy as 1200 1000 970 800 700 N/A N/A
NO;] (310, 2900) (290, 2600) (270, 2300) (240, 1800) (220, 1600)
NOy: O; Long [$/tonne NOy as -540 -470 -410 -280 -200 N/A N/A
NO:] (-1300, -150) (-1100, -130) (-970, -120) (-630, -84) (-450, -63)
NO,: Nitrate [$/tonne NO, as -1300 -1200 -1100 -910 -790 N/A N/A
Aerosols NO,] (-3600, -250) (-3200, -230) (-2900, -220) (-2300, -190) (-2000, -180)
NO,: Total [$/tonne NOy as -2600 -2200 -2000 -1300 -980 37000 26000
NO;] (-6300, -650) (-5400, -570) (-4700, -510) (-3200, -350) (-2300, -250) (5300, 110000) (4100, 89000)
Contrail-Cirrus [$/tonne Fuel 0 0 0 0 0
Burn] (0,0) (0,0) (0,0) (0,0) 0,0) A A
Fuel Sulfur [$/tonne S] -9500 -8600 -7900 -6500 -5700 32000 24000
(-24000, -2300) (-21000, -2100) (-19000, -2000) (-15000, -1800) (-13000, -1600) (4400, 99000) (3500, 85000)
BC [$/tonne BC] 66000 60000 55000 45000 39000 66000 45000
(12000, 180000) (11000, 160000) (11000, 140000) (9300, 110000) (8400, 98000) (8800, 200000) (6500, 160000)
H,O [$/tonne H,0]
N/A N/A N/A N/A N/A 0 0
0,0) (0,0)
NMVOC [$/tonne HC] 19000 12000
N/A N/A N/A N/A N/A (2800, 53000) (1900, 39000)
Co [$/tonne COJ 520 360
N/A N/A N/A N/A N/A (77, 1500) (56, 1200)
oC [$/tonne OC] 110000 66000
NA N/A NA NA A (14000,310000) (9400, 230000)
Total [$/tonne Fuel 810 530 380 140 76 590 430
Burn] (230, 1800) (160, 1200) (110, 870) (44, 330) (24, 170) (86, 1700) (66, 1400)
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Table 35: CAQSC cost of fuel burn in different flight phases (USD/Tonne Fuel Burn in 2015) (3% discount rate) using updated APMT-IC

Landing and Take-off Cruise Full Flight
Climate Air Quality Total Climate Air Quality Total Climate Air Quality Total
410 410 410 410 410 410
COz (120, 930) N/A (120, 930) (120, 910) N/A (120, 910) (120, 910) N/A (120, 910)
NO -30 560 530 -56 320 260 -53 340 290
x (-72,-7.7) (81, 1600) (50, 1600) (-130, -15) (50, 1000) (-11, 990) (-130, -14) (53, 1100) (-3.7, 1000)
Contrail- 0 0 0 190 N/A 190 170 N/A 170
Cirrus* (0, 0) (0, 0) (0, 0) (42, 480) (42, 480) (37, 430) (37, 430)
Fuel -4.8 19 15 -36 18 -18 -32 18 -14
Sulfur (-12,-12) (2.6, 59) (-3.2,55) (-88, -8.9) (2.8, 63) (-70, 37) (-79, -8.1) (2.8, 62) (-62, 39)
BC 2.7 3.2 5.9 5.6 0.25 5.9 5.2 0.5 5.7
(0.53,7.1) (0.43,9.6) (1.8, 14) (1.5, 14) (0.034, 0.87) (1.8, 14) (1.4,13) (0.066, 1.6) (1.8,13)
0 0 0 11 11 9.4 9.4
H20 0, 0) 0, 0) (0, 0) (2.9,26) N/A (2.9,26) (2.5,23) N/A 2.5,23)
11 11 0.27 0.27 1.2 1.2
NMVOC N/A (1.7,31) (1.7,31) N/A (0.043,0.86)  (0.043, 0.86) N/A (0.17, 3.4) (0.17, 3.4)
4.3 4.3 0.39 0.39 0.72 0.72
co N/A (0.63, 12) (0.63, 12) N/A (0.06, 1.2) (0.06, 12) N/A (0.11,2.2) 0.11,2.2)
0.77 0.77 0.11 0.11 0.16 0.16
oc N/A (0.1,2.2) (0.1,2.2) N/A (0.015,0.37)  (0.015,0.37) N/A (0.022,0.53)  (0.022,0.53)
Total 380 590 980 520 340 860 510 360 870
Cost (110, 870) (86, 1700) (340, 2200) (150, 1200) (53, 1100) (330, 1900) (140, 1200) (57, 1200) (330, 1900)
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Table 36: CAQSC cost of full flight fuel burn (USD/Tonne Fuel Burn in 2015) for 2% and 7% discount rates using updated APMT-IC

2% Discount Rate

7% Discount Rate

Climate Air Quality Total Climate Air Quality Total
840 840 90 90
€O (240, 1900) N/A (240, 1900) (28, 200) N/A (28, 200)
NO 77 350 270 8.7 310 300
x (-180, -21) (55, 1100) (31, 1100) (-35,7.4) (48, 980) (39, 970)
Contrail- 200 200 120 120
Cirrus* (42, 530) N/A (42, 530) (29, 290) N/A (29, 290)
Fuel Sulfur -39 19 20 23 16 -6.6
(-98,-9.2) 2.9, 64) (-79, 38) (-53, -6.4) 2.5, 56) (-39, 38)
Be 6.3 0.51 6.8 37 0.45 42
(1.6, 16) (0.069, 1.7) 2.1, 16) (1.1,8.4) (0.06, 1.5) (15,9)
1 1 6.8 6.8
oS (2.9, 28) N/A (2.9,28) @, 15) N/A @, 15)
12 12 L1 11
NMVOC N/A (0.18,3.5) (0.18,3.5) N/A (0.16,3.1) (0.16,3.1)
0.74 0.74 0.65 0.65
co N/A 0.11,2.2) (0.11,2.2) N/A (0.099, 1.9) (0.099, 1.9)
0.17 0.17 0.15 0.15
oc N/A (0.022, 0.55) (0.022, 0.55) N/A (0.02, 0.48) (0.02, 0.48)
950 370 1300 190 320 510
Total Cost
(260, 2200) (58, 1200) (510, 2800) (53, 430) (51, 1000) (180, 1300)
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Table 37: CAQSC cost of full flight fuel burn apportioned to the different flight phases (USD/Tonne Fuel Burn in 2015) (3% discount rate) using updated APMT-

Landing and Take-off Cruise Full Flight
Climate Air Quality Total Climate Air Quality Total Climate Air Quality Total
co 34 0 34 370 0 370 410 0 410
2 (10, 78) 0, 0) (10, 78) (110, 840) 0, 0) (110, 840) (120, 910) 0, 0) (120, 910)
NO 2.5 47 45 -51 290 240 -53 340 290
* (-6.1, -0.66) (6.8, 140) (4.2, 130) (-120, -14) (46, 960) (-10, 910) (-130, -14) (53, 1100) (-3.7, 1000)
Contrail- 0 0 0 170 0 170 170 0 170
Cirrus* 0, 0) 0, 0) 0, 0) (38, 440) 0, 0) (38, 440) (37, 430) 0, 0) (37, 430)
Fuel -0.4 1.6 1.2 -33 17 -16 -32 18 -14
Sulfur (-0.98, -0.1) (0.22,5) (-0.27, 4.6) (-80, -8.2) (2.6,57) (-64, 34) (-79, -8.1) (2.8,62) (-62, 39)
BC 0.23 0.27 0.5 5.2 0.23 54 5.2 0.5 5.7
(0.045, 0.6) (0.037, 0.81) (0.16, 1.2) (1.4,12) (0.031, 0.8) (1.6, 13) (1.4,13) (0.066, 1.6) (1.8,13)
H,0 0 0 0 9.8 0 9.8 9.4 0 9.4
2 (0,0) (0, 0) (0,0) (2.6,23) (0, 0) (2.6,23) (2.5,23) (0, 0) (2.5,23)
NMVOC 0 0.96 0.96 0 0.25 0.25 0 1.2 1.2
(0, 0) (0.14, 2.6) (0.14,2.6) (0, 0) (0.039, 0.79) (0.039, 0.79) 0, 0) (0.17,3.4) 0.17,3.4)
co 0 0.36 0.36 0 0.36 0.36 0 0.72 0.72
(0,0) (0.053, 1) (0.053, 1) (0,0) (0.055,1.1) (0.055, 1.1) (0, 0) (0.11, 2.2) (0.11, 2.2)
oC 0 0.065 0.065 0 0.097 0.097 0 0.16 0.16
(0, 0) (0.0086, 0.19) (0.0086, 0.19) (0, 0) (0.013, 0.34) (0.013, 0.34) (0, 0) (0.022, 0.53) (0.022, 0.53)
Total 32 50 83 480 310 790 510 360 870
Cost (9.5,73) (7.3, 140) (29, 180) (130, 1100) (48, 1000) (310, 1700) (140, 1200) (57, 1200) (330, 1900)
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Figure 50: Climate and air quality costs per unit fuel burn for 3% discount rate derived using updated APMT-1C
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Appendix G Pathway to zero: Contrail avoidance trade-off

literature discussion

Reaching net zero climate impacts from aviation will require avoiding contrail formation. One
strategy of contrail avoidance relies on aircraft to avoid flying through regions with sufficiently
cold and moist ambient conditions, so that the exhaust plume does not become super saturated
with respect to ice while cooling (Schumann et al. 2011, Kércher 2018). These regions have been
found to cover large continuous horizontal distances (up to 400 km), but usually only small altitude
bands, typically not exceeding 610 m (2000 ft) (Mannstein et al. 2005, Spichtinger et al. 2003).
Resultingly, contrail formation can be avoided through small scale adjustments in cruise altitude
(Schumann et al. 2011, Sridhar et al. 2011, Avila et al. 2019). These minor diversions lead to a
small fuel burn penalty (typically less than 5% of fleetwide fuel consumption) assuming a
counterfactual case where aircraft are flying fuel-optimally. In addition, only 2% of flights have
been found to be responsible for 80% of contrail forcing in some regions; in turn, less than 2% of

flights would have to be diverted to avoid 80% of contrail warming impacts (Teoh et al. 2020a).

For our quantitative assessment, we consider the results of five studies, which cover different

geographic regions.

Two studies of contrail avoidance relate to transatlantic flights (Yin et al, 2018; Noppel et al,
2006). Yin et al. (2018) focus on real time contrail avoidance for 103 transatlantic flights during
a full year, while optimizing for the transatlantic winds. They find a 90% contrail length reduction
to be obtainable through an increase in fuel consumption of 2.5% in autumn and 4% in winter. The

variation by season results from differences in wind patterns and changes in troposphere-
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stratosphere exchange between the different seasons. Noppel et al. (2006) analyze contrail
avoidance for transatlantic flights from London to New York. Using annually averaged
meteorology, they find that 40% of contrail length can be avoided for less than a 0.5% fuel burn
penalty. As more contrail length is avoided, the fuel burn penalty increases, e.g., reducing contrail
length by 60% leads to a fuel burn penalty of approximately 2%. For both studies, annually
averaged fuel burn penalties associated with different levels of contrail avoidance are plotted in

Figure 39.

Two additional studies for contrail avoidance over the continental US are included (Sridhar et al,
2011 and Sridhar et al, 2012). Both studies analyze flights between 12 city pairs and assume wind-
optimal routings for observed flight conditions on three days. Contrail avoidance through both
altitude and lateral adjustments is modeled. The results indicate that contrail formation time could
be reduced by 60% for less than a 2% fuel burn penalty and 100% avoidance for less than 6% fuel
burn penalty on the days analyzed. Results are presented for each of the three days, for various
levels of contrail avoidance. The averaged results over the three-day study period are included in

Figure 39.

One final study, Kilma (2005), examined contrail avoidance for flights in one week of November
2001 over the continental US and the North Atlantic. The study finds that contrail formation could
be reduced by 83.6% for a 3.5% fuel burn penalty over the continental US. Over the North Atlantic,
contrail formation is found to be reduced by 56.5% through contrail avoidance strategies resulting

in a fuel burn penalty of 2.8%. This data has also been included in Figure 39.

Other contrail avoidance studies were not included in our analysis, because they either don’t

capture the maximum obtainable benefit of tailored adjustments (Fichter et al. 2005, Williams et
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al. 2002) or do not calculate fuel burn penalties relative to fuel- or cost-optimal flight routings,

which may lead to an underreporting of fuel burn penalties.

The trade-off relationship presented in Figure 39 captures contrail length avoided rather than
contrail radiative impacts. This likely introduces a bias in the results where the meta-analysis
predicts larger additional fuel requirements to avoid a given percentage of contrail length than
would be necessary to avoid a similar percentage of contrail forcing. Targeting contrail radiative
forcing could lead to net contrail cooling, since aircraft could avoid warming contrails, while still
forming cooling contrails (Teoh et al., 2020). In contrast, fuel burn penalties might be
underestimated due to the use of Base of Aircraft Data 3 (BADA3) data used to approximate
aircraft performance (Eurocontrol 2018). BADA3 was developed as a tool for aircraft traffic
controllers to rapidly calculate fuel requirements in case of rerouting a flight. However, it was not
intended to capture the impact of small-scale cruise altitude adjustments and is known for
decreased accuracy at suboptimal flight conditions (Klima 2005, Teoh et al. 2020a). Kilma (2005)
found that BADA underestimates the change in specific fuel consumption for adjustments in cruise
altitudes by comparing the BADA engine data of three aircraft to the aircraft operating manual
engine data and the high-fidelity engine model GasTurb. Assuming this extends to the rest of the
fleet, the fuel burn penalty would be underestimated by these studies. Except for Noppel and Singh

(20006) all studies included in the meta-analysis used BADA data.

Several other strategies for reducing contrail impacts are also discussed in the literature. These
include rescheduling of flights to only occur during daylight hours (Stuber et al. 2006). This has
been shown to have an insignificant benefit due to the large variability in contrail lifetimes, and

long lifetime (>8 hours) of the contrails responsible for the largest impact (Newinger and
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Burkhardt 2012). Reducing aircraft soot particle emissions by 80-90% might also reduce contrail
radiative impacts by 8%-50% (Teoh et al. 2020a, Burkhardt et al. 2018). This could be achieved
by using either low soot combustor technology or by removing naphthalene from aircraft fuel.
Finally, aircraft formation flying has the potential to decrease aviation climate impacts by 22-24%,
while reducing fuel consumption by 5-6% (Marks et al. 2021). However, formation flight would
additionally strain current air traffic control, and require changes to current aircraft minimum
separation distances (5Snm horizontal separation) by requiring that aircraft flying within 30

wingspans of one another at the same flight level.
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Appendix H Pathway to zero: Derived global warming

potentials (GWP)

Global Warming Potential (GWP) provides a comparison measure of a non-COz climate forcing
precursor emission to an equivalent CO2 emissions quantity. This CO2 equivalency metric is
defined as the integrated RF to a specified time horizon following an emissions pulse of one kg of
a precursor emission, normalized to the integrated RF following a one kg emissions pulse of CO2,

where the RF of CO:z is integrated over the same time horizon as the non-COz forcer.

We derive GWP values for each of the precursor emissions and climate impact pathways
considered in this chapter. Using the reduced order climate model described above, we derive
GWP values for each of the climate forcers by simulating the radiative forcing following an

emissions pulse in 2020 (Table 38).

Since a precursor emission is not easily defined for contrails, we normalize the contrail radiative
forcing to flight distance, consistent with previous studies (Lund et al. 2017, Fuglestvedt et al.
2010, Grobler et al. 2019, Lee et al. 2020). Contrail RF per flight distance is determined by using
the flight distance and fuel burn from AEDT as reported in Brasseur et al. (2016), which
corresponds to 188.1 Tg fuel for a collective 3.87 x 101° km, resulting in a factor of 4.86 kg/km.
Finally, the GWP for contrails is reported in Table 38 is for Jet-A fuel. To capture the contrail
impacts of the alternative fuels, we apply an adjustment for each alternative energy carrier as
presented in Table 8, as well as adjusting effective distance flown to account for contrail

avoidance.
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These GWP values are used to derive COz2-equivalent (COz2eq) emissions for emission pathways
reported in Chapter 5. These COz2eq emissions are derived by multiplying these GWP values by

emissions from each pathway.

Table 38: Global Warming Potential (GWP) used in Chapter 5, for GWP time horizons covering 20 to 500 years.
Contrails are normalized to 1km of flight length. The NOy impacts are normalized to emission of 1kg NOx as NO;
and the sulfur impact is normalized to quantity of fuel sulfur (S). Uncertainty results are presented in the brackets
covering the 95-percentile range. These GWPs are derived using an APMT-IC derived AGWP for CO; as tabulated
in the last row of the table. These AGWP potential values are for a RCP2.4 scenario.

20 Years 50 Years 100 Years 500 Years

-2,100 -1,000 -580 -160

Fuel sulfur (-3,200 to -1,300) (1,600 to -610)  (-910 to -340) (-270 to -85)

31 118 4.9
NOx 20(-1001048)  50160.089)  (42t0-1.1) (-2 t0-0.29)
o 0.30 0.15 0.083 0.022
2 0221039  (0.10100.19)  (0.058t00.12)  (0.014 to 0.035)
. 5,600 2,700 1,600 420
(4,100 t0 7,500) (1,900 t0 3,800) (1,100 t0 2,200) (260 to 670)
Contrails 32 15 8.8 23
(14 to 54) (6.5 to 26) (3.7 10 15) (0.94 10 4.4)
o 99 60 36 1
4 (74 to 130) (42 t0 83) (2410 51) (6.9 to 16)
NO 320 340 320 150
2 (26010390) (270 to 430) (240 10 430) (98 t0 230)
CO» AGIWP 24 5.0 8.7 33
A0 Wmyr kgl (2.0102.8) (4.0 10 6.1) (6.61011) (21 t0 46)

For some factors, no information is available regarding their impacts. First, a few uncertain climate
feedback mechanisms are not captured here. These include cloud-aerosol interactions (Lee et al.
2020, Lund et al. 2017), climate-carbon feedback for non-COz forcers (Gasser et al. 2017), the

currently poorly understood impact of fuel sulfur on contrail formation (Kércher 2018), and the
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impact of soot on arctic ice darkening (Fuglestvedt et al. 2010). Furthermore, we assume changes

in contrail impacts from the use of alternative energy carriers is not affected by contrail avoidance.

Additionally, we do not account for the impact of methane or hydrogen leakage at altitude.
Although this leakage is expected to be two orders of magnitude lower than leakage at ground
level, little is yet known about the chemical and climate effects of high-altitude leakage (EPA

2009).

Finally, changes in region of emissions, in flight altitude, and time of day of flights, are expected
to change the resulting climate impacts. As a result, the RF scaling approach followed here only

remains valid if spatial and temporal flight patterns remain similar to today’s flight patterns.
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Appendix I Pathway to zero: Climate costs derived using

APMT-IC

Using the climate model APMT-IC, as described in the methods section, climate costs for CO2 and
contrails are derived and tabulated in Table 9. Cost values are presented for discount rates of 1.5%,
2%, and 3%. For comparison between the direct in-flight CO2 emissions impact and the contrail
impact from Jet-A, the table also presents costs normalized by a metric tonne of Jet-A fuel burn.
For the low discount rate, the impact of contrails per unit fuel burn is between 22% to 37% of the
direct in-flight CO2 impact. This ratio changes with the discount rate. For a discount rate of 3%,
contrails account for 58% to 87% the costs of direct in-flight CO2 emissions per unit fuel burn.
Table 10 presents the costs per metric tonne of CO2, CH4, and N20, derived using the radiative
transfer functions of Etminan et al. (2016). Finally, Table 11 to Table 14 present non-CO2 costs

per fuel energy for each of the fuel carriers by a unit fuel energy.
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Table 9: Climate damages (in 2020 USD) for CO, and contrails from Jet-A fuel.

CO2
[USD/tonne
CO2]

Contrail
[USD/km]

CO:
[USD/tonne fuel]

Contrail
[USD/tonne fuel]

Emissions in 2020

Emissions in 2035 Emissions in 2050

1.5 % Discount

2.0 % Discount

3.0 % Discount

1.5 % Discount 2.0 % Discount 3.0 % Discount

1.5 % Discount 2.0 % Discount 3.0 % Discount

Rate Rate Rate Rate Rate Rate Rate Rate Rate
413 246 121 497 309 163 586 377 207
(96.8, 1090) (61.4, 624) (32.8,292) (116, 1310) (76.8, 786) (43.6, 395) (135, 1550) (92.2, 965) (54.3, 507)
1.40 1.24 1.07 2.34 2.13 1.91 3.30 3.06 2.78
(0.290, 3.76) (0.268, 3.22) (0.244, 2.72) (0.501, 6.15) (0.475, 5.50) (0.440, 4.82) (0.704, 8.73) (0.674, 7.94) (0.633, 7.06)
1300 777 383 1570 978 514 1850 1190 654
(306, 3440) (194, 1970) (104, 924) (367, 4150) (243, 2480) (138, 1250) (427, 4910) (291, 3050) (172, 1600)
288 254 221 481 439 394 680 630 572
(59.7,775) (55.2, 664) (50.3,561) (103, 1270) (97.8, 1130) (90.6, 992) (145, 1800) (139, 1640) (130, 1450)

Uncertainty results represent the 5th to 95th percentile range for this table and other cost values in the tables below.

Table 10: Climate damages (in 2020 USD) for life cycle emissions of CH4, CO;, and N;O

Emissions in 2020

Emissions in 2035

Emissions in 2050

1.5 % Discount

2.0 % Discount

3.0 % Discount

1.5 % Discount

2.0 % Discount 3.0 % Discount 1.5 % Discount 2.0 % Discount 3.0 % Discount

Rate Rate Rate Rate Rate Rate Rate Rate Rate
[USD/tonne 7,380 6,090 4,670 11,200 9,530 7,550 15,500 13,400 10,800
CHy4] (1,850, 18,400) (1,570, 14,700) (1,250, 10,900) (2,830,27,800) (2,460,23,000) (2,040, 17,700) (3,860, 38,800) (3,420, 32,700) (2,860, 25,700)
[USD/tonne 414 247 122 498 311 164 587 378 208
CO2] (96.6, 1090) (61.3, 627) (32.6, 294) (116, 1320) (76.4,789) (43.3, 398) (135, 1560) (91.6, 968) (54.1,512)
[USD/tonne 96,700 (23,900, 64,700 (16,800, 35,500 (9,860, 121,000 (29,600, 83,300 (21,400, 48,100 (13,100, 146,000 (35,300, 103,000 (26,100, 61,500 (16,400,
N20] 248,000) 161,000) 85,500) 311,000) 209,000) 117,000) 379,000) 262,000) 151,000)
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Table 11: Climate damages (in 2020 USD) damages for emissions from Jet-A combustion

Contrail [USD/km]

Contrail [USD/GJ fuel
energy]|

Total non-CO: [USD/GJ
fuel energy]

Total non-CO:
(excl. contrails) [USD/GJ
fuel energy]

Emissions in 2020 Emissions in 2035 Emissions in 2050

1.5 % Discount 2.0 % Discount 3.0 % Discount 1.5 % Discount 2.0 % Discount 3.0 % Discount 1.5 % Discount 2.0 % Discount 3.0 % Discount

Rate Rate Rate Rate Rate Rate Rate Rate Rate
1.40 1.24 1.07 2.34 2.13 1.91 3.30 3.06 2.78
(0.290, 3.76) (0.268, 3.22) (0.244, 2.72) (0.501, 6.15) (0.475, 5.50) (0.440, 4.82) (0.704, 8.73) (0.674,7.94) (0.633, 7.06)
6.67 5.89 5.12 11.1 10.2 9.12 15.7 14.6 13.2
(1.38,17.9) (1.28,15.4) (1.16, 13.0) (2.39,29.3) (2.26,26.2) (2.10, 23.0) (3.36, 41.6) (3.21,37.9) (3.02, 33.6)
4.14 3.80 3.61 7.77 7.38 7.12 11.5 11.1 10.7
(0.337,12.4) (0.389, 11.1) (0.500, 9.99) (1.01, 22.0) (1.09, 20.4) (1.25, 18.9) (1.67,32.1) (1.79, 30.2) (1.97,28.4)
-2.53 -2.09 -1.51 -3.37 -2.79 -2.00 -4.24 -3.52 -2.51
(-6.39,-0.616) (-5.20,-0.511) (-3.73, -0.351) (-8.82,-0.726) (-7.21,-0.579) (-5.31,-0.327) (-11.4,-0.817) (-9.55,-0.620) (-7.04,-0.256)

Table 12: Climate damages (in 2020 USD) damages for emissions from drop-in alternative fuels combustion

Contrail [USD/km]

Contrail [USD/GJ fuel
energy]|

Total non-CO: [USD/GJ
fuel energy]

Total non-CO:
(excl. contrails) [USD/GJ
fuel energy]

Emissions in 2020

Emissions in 2035

Emissions in 2050

1.5 % Discount

2.0 % Discount

3.0 % Discount

1.5 % Discount 2.0 % Discount 3.0 % Discount 1.5 % Discount 2.0 % Discount 3.0 % Discount

Rate Rate Rate Rate Rate Rate Rate Rate Rate
0.908 0.801 0.697 1.52 1.38 1.24 2.14 1.98 1.80
(0.154, 2.52) (0.143,2.19) (0.129, 1.85) (0.266, 4.15) (0.252, 3.73) (0.234,3.27) (0.377,5.87) (0.358, 5.34) (0.335,4.78)
4.33 3.82 3.32 7.23 6.60 5.92 10.2 9.46 8.59
(0.737, 12.0) (0.680, 10.4) (0.617, 8.83) (1.27,19.8) (1.20, 17.8) (1.12, 15.6) (1.80, 28.0) (1.71,25.5) (1.60, 22.8)
2.98 2.78 2.72 5.84 5.61 5.54 8.76 8.53 8.44
(0.0644, 9.58) (0.145, 8.60) (0.299, 7.86) (0.588, 17.3) (0.696, 16.1) (0.859, 15.1) (1.08, 25.3) (1.21, 24.0) (1.43,22.8)

-1.35 -1.04 -0.598 -1.39 -0.982 -0.380 -1.45 -0.929 -0.155
(-3.54, -0.286) (-2.76, -0.190) (-1.81, 0.0197) (-4.30,-0.0164) (-3.38,0.219)  (-2.23, 0.810) (-5.25,0.411)  (-4.10,0.837) (-2.70, 1.78)
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Table 13: Climate damages (in 2020 USD) damages for emissions from LNG combustion

Contrail [USD/km]

Contrail [USD/GJ fuel
energy]|

Total non-CO: [USD/GJ
fuel energy]

Total non-CO:
(excl. contrails) [USD/GJ
fuel energy]

Emissions in 2020

Emissions in 2035

Emissions in 2050

1.5 % Discount

2.0 % Discount

3.0 % Discount

1.5 % Discount 2.0 % Discount 3.0 % Discount 1.5 % Discount 2.0 % Discount 3.0 % Discount

Rate Rate Rate Rate Rate Rate Rate Rate Rate
1.40 1.23 1.07 2.33 2.13 1.91 3.29 3.05 2.77
(0.242, 3.84) (0.224, 3.33) (0.204, 2.83) (0.419, 6.32) (0.394, 5.68) (0.368, 4.98) (0.590, 8.94) (0.560, 8.17) (0.526, 7.27)
6.66 5.88 5.11 11.1 10.1 9.10 15.7 14.6 13.2
(1.15, 18.3) (1.07, 15.9) (0.971, 13.5) (2.00, 30.1) (1.88,27.1) (1.75, 23.8) (2.82, 42.6) (2.67,39.0) (2.51,34.7)
5.48 498 4.64 10.0 9.42 8.95 14.7 14.0 134
(0.644, 16.1) (0.665, 14.3) (0.744, 12.7) (1.53, 28.0) (1.56,25.7) (1.66,23.7) (2.36, 40.5) (2.41,37.9) (2.56,35.2)
-1.18 -0.893 -0.470 -1.11 -0.728 -0.153 -1.05 -0.565 0.175
(-3.16, -0.221) (-2.46,-0.120) (-1.59, 0.126) (-3.77,0.183)  (-2.92,0.478) (-1.87, 1.15) (-4.50, 0.809) (-3.52,1.32) (-2.17,2.32)

Table 14: Climate damages (in 2020 USD) damages for emissions from LH2 combustion

Contrail [USD/km]

Contrail [USD/GJ fuel
energy|

Total non-CO:z [USD/GJ
fuel energy]|

Total non-COz
(excl. contrails) [USD/GJ
fuel energy]

Emissions in 2020

Emissions in 2035

Emissions in 2050

1.5 % Discount

2.0 % Discount

3.0 % Discount

1.5 % Discount 2.0 % Discount 3.0 % Discount 1.5 % Discount 2.0 % Discount 3.0 % Discount

Rate Rate Rate Rate Rate Rate Rate Rate Rate

1.19 1.05 0911 1.98 1.81 1.62 2.80 2.59 2.36
(0.180, 3.38) (0.167, 2.92) (0.152, 2.47) (0.313,5.54) (0.296, 4.95) (0.275, 4.37) (0.441, 7.82) (0.421,7.13) (0.393, 6.39)

5.66 5.00 4.34 9.45 8.62 7.74 134 12.4 11.2
(0.860, 16.1) (0.798, 13.9) (0.727,11.8) (1.49,26.4) (1.41, 23.6) (1.31,20.9) (2.10,37.3) (2.01, 34.0) (1.88, 30.5)

4.84 4.42 4.15 8.93 8.44 8.07 13.1 12.6 12.1
(0.432, 14.7) (0.494, 13.0) (0.590, 11.6) (1.20,25.7) (1.26, 23.6) (1.38,21.7) (1.93,37.0) (1.99, 34.8) (2.15,32.4)

-0.822 -0.577 -0.195 -0.514 -0.182 0.337 -0.210 0.217 0.886
(-2.43, -0.0368) (-1.87, 0.0990) (-1.15, 0.478) (-2.73, 0.885) (-2.05, 1.24) (-1.15, 1.95) (-3.11, 2.05) (-2.27,2.59) (-1.22,3.57)
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Appendix J Aircraft-Engine matchings based on NASA-

Boeing Studies

Table 39: Year 1980 aircraft-engine matchings based on NASA-Boeing studies (Baughcum et al., 1996b, 1996a;
Sutkus et al., 2001). In this thesis, these matchings are applied for the years 1980 and 1985.

OAG

Aircraft I?ADA Engine Combustor Option Fraction
Code aircraft
747 B741 JT9D-7A - 1
728 B722 JT8D-15 Reduced-emissions 1
D10 DC10 CF6-6D - 1
727 B721 JT8D-7-series Reduced-emissions 1
L10 L101 RB211-22B Package-1 1
707 B703 JT3D-3B - 1
D9S DC93 JT8D-7-series Reduced-emissions 1
737 B732 JT8D-7-series Reduced-emissions 1
AB3 A30B CF6-50C1 --C2 - 1
738 B732 JT8D-7-series Reduced-emissions 1
DC9 DCI1 JT8D-7-series Reduced-emissions 1
74L B74S JT8D-7-series Reduced-emissions 1

Table 40: Year 1990 aircrafi-engine matchings based on NASA-Boeing studies (Baughcum et al., 1996b, 1996a;
Sutkus et al., 2001). In this thesis, these matchings are applied for the years 1990 and 1995.

A(ij:'?rgft ]?ADA Engine Combustor Option Fraction
Code aircraft
747 B741 JT9D-7A - 0.398405
747 B742 CF6-50E2 - 0.136785
747 B742 JT9D-7A - 0.085230
747 B742 JT9D-7Q - 0.128825
747 B744 RB211-524G - 0.100703
747 B744 PW4056 - 0.094168

747 B744 CF6-80C2B1F - 0.055885
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OAG

Aircraft ]?ADA Engine Combustor Option Fraction
Code aircraft
728 B722 JT8D-15 Reduced-emissions 0.776666
728 B722 JT8D-9-series Reduced-emissions 0.223334
M0 MDS82 JT8D-217-series - 0.795750
M80 MDg88 JT8D-219 - 0.204250
767 B762 CF6-80A - 0.798933
767 B762 JT9D-7R4D --7R4D1 - 0.201067
AB3 A30B CF6-50C2R - 0.538882
AB3 A30B CF6-50C1 --C2 - 0.461118
733 B733 CFM56-3-B1 - 1.000000
73S B732 JT8D-15 Reduced-emissions 0.409668
73S B732 JT8D-9-series Reduced-emissions 0.250019
73S B732 JT8D-7-series Reduced-emissions 0.198060
73S B732 JT8D-15A - 0.142252
L10 L101 RB211-22B Package-1 0.666868
L10 L101 RB211-524B-series Phase-2 0.333132
D9S DC93 JT8D-7-series Reduced-emissions 0.681046
D9S DC93 JT8D-9-series Reduced-emissions 0.318954
757 B752 PW2037 - 0.646925
757 B752 PW2040 - 0.234909
757 B752 RB211-535E4 - 0.118166
737 B732 JT8D-15 Reduced-emissions 1.000000
310 A310 CF6-80A3 - 0.678273
310 A310 JT9D-7R4E --7R4E1 - 0.321727
744 B744 RB211-524G - 0.401597
744 B744 PW4056 - 0.375536
744 B744 CF6-80C2B1F - 0.222867
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Table 41: Year 2000 aircraft-engine matchings based on NASA-Boeing studies (Baughcum et al., 1996b, 1996a;

Sutkus et al., 2001). In this thesis, these matchings are applied for the years 2000 to 2019.

OAG

Aircraft I?ADA Engine Combustor Option Fraction
Code aircraft
744 B744 CF6-80C2B1F - 0.378594
744 B744 PW4056 - 0.291975
744 B744 RB211-524G - 0.212398
744 B744 CF6-80C2B1F - 0.117033
747 B742 JT9D-7Q - 0.508852
747 B743 RB211-524D4 Phase-2 0.140283
747 B742 CF6-50E2 - 0.243699
747 B743 JT9D-7R4G2 - 0.107165
757 B752 PW2037 - 0.510511
757 B752 RB211-535E4 - 0.246246
757 B752 RB211-535E4B - 0.243243
MS80 MD82 JT8D-217-series - 0.500314
M0 MDS&3 JT8D-219 - 0.285861
M0 MD8S8 JT8D-219 - 0.213824
763 B763 PW4056 - 0.573711
763 B763 CF6-80C2B4 - 0.264636
763 B763 CF6-80C2B4F - 0.161653
733 B733 CFM56-3-B1 - 1.000000
320 A320 CFMS56-5-Al - 0.603158
320 A320 V2527-A5 - 0.198934
320 A320 V2500-Al - 0.197908
777 B772 PW4084 - 0.343403
777 B772 GE90-90B DAC-II 0.288704
777 B772 Trent-877 - 0.217931
777 B772 GE90-85B DAC-II 0.149962
767 B763 PW4056 - 0.513376
767 B763 CF6-80C2B4 - 0.236805
767 B763 CF6-80C2B4F - 0.144652
767 B762 JT9D-7R4D --7R4D1 - 0.105166
737 B734 CFM56-3-B1 - 0.360966
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OAG

Aircraft I?ADA Engine Combustor Option Fraction
Code aircraft
737 B732 JT8D-9-series Smoke-fix 0.278552
737 B735 CFM56-3-B1 - 0.208308
737 B732 JT8D-15 Smoke-fix 0.152174
D10 DC10 CF6-50C - 0.520339
D10 DCI10 JT9D-20 - 0.328568
D10 DC10 CF6-6K - 0.151093
M1l MDI11 CF6-80C2DI1F 1862M39 0.521941
M1l MDI11 PW4460 Reduced-smoke 0.279917
Ml11 MD11 PW4x62 Reduced-smoke 0.198142
728 B722 JT8D-15 Reduced-emissions 0.646351
728 B722 JT8D-9-series Reduced-emissions 0.232536
728 B722 JT8D-17 Smoke-fix 0.121113
343 A343 CFM56-5C4 - 0.652288
343 A343 CFM56-5C2 - 0.347712
734 B734 CFM56-3-B1 - 1.000000
310 A310 CF6-80C2A2 - 0.646147
310 A310 CF6-80C2A8 - 0.226306
310 A310 CF6-80A3 - 0.127547
340 A343 CFM56-5C4 - 0.652288
340 A343 CFM56-5C2 - 0.347712
738 B738 CFM56-7B26 - 1.000000
73S B732 JT8D-9-series Reduced-emissions 0.465516
73S B732 JT8D-15 Reduced-emissions 0.253761
73S B732 JT8D-15A - 0.159548
73S B732 JT8D-17 Smoke-fix 0.121175
330 A333 PW4168 Floatwall 0.391271
330 A333 CF6-80E1A2 - 0.321593
330 A333 Trent-768 - 0.287136
735 B735 CFM56-3C-1 - 1.000000
319 A319 V2522-A5 - 0.419986
319 A319 CFM56-5A5 - 0.392978
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OAG

Aircraft I?ADA Engine Combustor Option Fraction
Code aircraft
319 A319 CFM56-5B6/P - 0.187036
D9S DC93 JT8D-7-series Smoke-fix 0.382470
D9S DC93 JT8D-9-series Reduced-emissions 0.452038
D9S DC93 JT8D-17 Smoke-fix 0.165492
73G B737 CFM56-7B26 - 0.506083
73G B737 CFM56-7B20 - 0.493917
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Appendix K Aircraft-Engine matchings based on Quadros

et al. (2022)

Table 42: Aircraft-engine matchings based on Quadros et al. (2022)

OA(}Cﬁjlicraft ;??c]r)gt Engine Combustor Option Fraction
310 A310 CF6-80C2A2 1862M39 0.90
310 A310 PW4156 Reduced-smoke 0.10
312 A310 CF6-80C2A2 1862M39 0.90
312 A310 PW4156 Reduced-smoke 0.10
313 A310 CF6-80C2A2 1862M39 0.90
313 A310 PW4156 Reduced-smoke 0.10
318 A318 CFM56-5B8/3 Tech-Insertion 0.58
318 A318 PW6122A Talon-I1 0.42
319 A319 CFM56-5B5/3 Tech-Insertion 0.58
319 A319 Vz%ﬁéﬁiﬂj&ﬁj“‘ Floatwall 0.42
320 A320 CFM56-5B4/3 Tech-Insertion 0.58
320 A320 VzSégéfd'es_‘l’};gfggTM' Floatwall 0.42
321 A321 CFM56-5B3/3 Tech-Insertion 0.58
321 A321 stj;;;ﬁfﬁji‘igf““' Floatwall 0.42
330 A332 Trent-772 Phase5 0.68
330 A332 CF6-80E1A4 Low-emissions 0.17
330 A332 PW4168A-1D Talon-I1IB 0.15
332 A332 Trent-772 Phase5 0.68
332 A332 CF6-80E1A4 Low-emissions 0.17
332 A332 PW4168A-1D Talon-I1IB 0.15
333 A333 Trent-772 Phase5 0.58
333 A333 CF6-80E1A4 Low-emissions 0.28
333 A333 PW4168A Talon-IT 0.14
380 A388 GP7270 - 0.52
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OAG(;:(ill'ecraft ;??clr)ﬁt Engine Combustor Option Fraction
380 A388 Trent-972E-84 Phase5-Tiled 0.48
388 A388 GP7270 - 0.52
388 A388 Trent-972E-84 Phase5-Tiled 0.48
744 B744 CF6-80C2B1F - 0.48
744 B744 RB211-524H-T - 0.34
744 B744 PW4062 Phase-I11 0.18
747 B744 CF6-80C2BI1F - 0.48
747 B744 RB211-524H-T - 0.34
747 B744 PW4062 Phase-II1 0.18
752 B752 RB211-535E4B Phase5 0.58
752 B752 PW2037 - 0.42
753 B753 RB211-535E4B Phase5 0.71
753 B753 PW2040 - 0.29
757 B752 RB211-535E4B Phase5 0.58
757 B752 PW2037 - 0.42
762 B762 CF6-80A2 - 0.50
762 B762 PW4060 Phase-I11 0.50
763 B763 CF6-80C2B7F 1862M39 0.72
763 B763 PW4060 Reduced-smoke 0.25
763 B763 RB211-524H-T - 0.03
767 B763 CF6-80C2B7F 1862M39 0.72
767 B763 PW4060 Reduced-smoke 0.25
767 B763 RB211-524H-T - 0.03
772 B772 Trent-895 - 0.36
772 B772 GE90-90B DAC-II 0.33
772 B772 PW4090 Floatwall 0.31
773 B773 Trent-892 - 0.70
773 B773 PW4098 - 0.30
777 B773 Trent-892 - 0.70
777 B773 PW4098 - 0.30
781 B78X GEnx-1B76A/P2 TAPS 0.69
781 B78X Trent-1000-K3 Phase5-Tiled 0.31
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OAG(;:(ill'ecraft ;??clr)ﬁt Engine Combustor Option Fraction
787 B788 GEnx-1B70/75/P2 TAPS 0.65
787 B788 Trent-1000-H3 Phase5-Tiled 0.35
788 B788 GEnx-1B70/75/P2 TAPS 0.65
788 B788 Trent-1000-H3 Phase5-Tiled 0.35
789 B789 GEnx-1B74/75/P2 TAPS 0.63
789 B789 Trent-1000-K3 Phase5-Tiled 0.37
31B A319 CFM56-5B5/3 Tech-Insertion 0.58
31B A319 stéﬁﬁas;{i%figgm Floatwall 0.42
31F A310 CF6-80C2A2 1862M39 0.90
31F A310 PW4156 Reduced-smoke 0.10
31X A310 CF6-80C2A2 1862M39 0.90
31X A310 PW4156 Reduced-smoke 0.10
31Y A310 CF6-80C2A2 1862M39 0.90
31Y A310 PW4156 Reduced-smoke 0.10
32A A320 CFM56-5B4/3 Tech-Insertion 0.58
32A A320 stégéﬁi'es_;lgccltgggm' Floatwall 0.42
32B A321 CFM56-5B3/3 Tech-Insertion 0.58
32B A321 stagéfd'es_;ljcclngM' Floatwall 0.42
32N A20N LEAP-1A26/26E1 TAPS-II 0.53
32N A20N PW1127G-JM TALON-X -Block-D 0.47
32Q A2IN 1A35A/15?]>E/§§B2/32/30 TAPS-I 053
32Q A2IN PW1133G-JM TALON-X -Block-D 0.47
328 A320 CFM56-5B4/3 Tech-Insertion 0.58
328 A320 VzSé;;zes_‘lfjgggTM' Floatwall 0.42
33F A332 Trent-772 Phase5 0.68
33F A332 CF6-80E1A4 Low-emissions 0.17
33F A332 PW4168A-1D Talon-11B 0.15
33X A332 Trent-772 Phase5 0.68
33X A332 CF6-80E1A4 Low-emissions 0.17
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OAG(;:(ill'ecraft ;??clr)ﬁt Engine Combustor Option Fraction
33X A332 PW4168A-1D Talon-11B 0.15
38F A388 GP7270 - 0.52
38F A388 Trent-972E-84 Phase5-Tiled 0.48
74E B744 CF6-80C2B1F - 0.48
T4E B744 RB211-524H-T - 0.34
74E B744 PW4062 Phase-III 0.18
74F B744 CF6-80C2BI1F - 0.48
74F B744 RB211-524H-T - 0.34
74F B744 PW4062 Phase-III 0.18
74] B744 CF6-80C2B1F - 0.48
74]) B744 RB211-524H-T - 0.34
74] B744 PW4062 Phase-III 0.18
74M B744 CF6-80C2BI1F - 0.48
74M B744 RB211-524H-T - 0.34
74M B744 PW4062 Phase-III 0.18
74Y B744 CF6-80C2BI1F - 0.48
74Y B744 RB211-524H-T - 0.34
74Y B744 PW4062 Phase-III 0.18
75F B752 RB211-535E4B Phase5 0.58
75F B752 PW2037 - 0.42
75M B752 RB211-535E4B Phase5 0.58
75M B752 PW2037 - 0.42
75T B753 RB211-535E4B Phase5 0.71
75T B753 PW2040 - 0.29
75V B752 RB211-535E4B Phase5 0.58
75V B752 PW2037 - 0.42
5W B752 RB211-535E4B Phase5 0.58
T5W B752 PW2037 - 0.42
76F B763 CF6-80C2B7F 1862M39 0.72
76F B763 PW4060 Reduced-smoke 0.25
76F B763 RB211-524H-T - 0.03
76V B763 CF6-80C2B7F 1862M39 0.72
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OAG(;:(ill'ecraft ;??clr)ﬁt Engine Combustor Option Fraction
76V B763 PW4060 Reduced-smoke 0.25
76V B763 RB211-524H-T - 0.03
T6W B763 CF6-80C2B7F 1862M39 0.72
T6W B763 PW4060 Reduced-smoke 0.25
T6W B763 RB211-524H-T - 0.03
76X B762 CF6-80A2 - 0.50
76X B762 PW4060 Phase-I11 0.50
76Y B763 CF6-80C2B7F 1862M39 0.72
76Y B763 PW4060 Reduced-smoke 0.25
76Y B763 RB211-524H-T - 0.03
A380 A388 GP7270 - 0.52
A380 A388 Trent-972E-84 Phase5-Tiled 0.48
AB6 A306 CF6-80C2ASF 1862M39 0.56
AB6 A306 PW4158 Reduced-smoke 0.44
ABY A306 CF6-80C2ASF 1862M39 0.56
ABY A306 PW4158 Reduced-smoke 0.44
D10 DC10 CF6-50C2 Low-emissions-fuel-nozzle 0.91
D10 DC10 JT9D-59A - 0.09
D11 DC10 CF6-50C2 Low-emissions-fuel-nozzle 0.91
D11 DC10 JT9D-59A - 0.09
D1C DC10 CF6-50C2 Low-emissions-fuel-nozzle 0.91
DIC DC10 JT9D-59A - 0.09
DIF DC10 CF6-50C2 Low-emissions-fuel-nozzle 0.91
DIF DC10 JT9D-59A - 0.09
DIM DC10 CF6-50C2 Low-emissions-fuel-nozzle 0.91
DIM DC10 JT9D-59A - 0.09
D1X DC10 CF6-50C2 Low-emissions-fuel-nozzle 0.91
D1X DC10 JT9D-59A - 0.09
D1Y DC10 CF6-50C2 Low-emissions-fuel-nozzle 0.91
D1Y DC10 JT9D-59A - 0.09
M1l MDI11 CF6-80C2D1F 1862M39 0.59
M1l MDI11 PW4460 Reduced-smoke 0.41
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OAG(;::Il'ecraft ;??clr)ﬁt Engine Combustor Option Fraction
MI1F MD11 CF6-80C2D1F 1862M39 0.59
MIF MD11 PW4460 Reduced-smoke 0.41
MIM MDI11 CF6-80C2D1F 1862M39 0.59
MIM MDI11 PW4460 Reduced-smoke 0.41
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