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SUMMARY

The climate impact of aviation today primarily stems from emissions of carbon dioxide
(CO2), and contrail-cirrus formation, while the air quality impacts are mainly due to
aviation emissions of oxides of nitrogen (NOx) and non-volatile particulate matter
(nvPM). Other emissions such as water vapour (H20) and oxides of sulphur (SOx) also
contribute to aviation related environmental impacts but are thought to have smaller
impacts.

The solution space to minimize aviation environmental impacts consists of more effi-
cient aircraft and engines to reduce their fuel consumption, improved combustion
technologies to reduce NOx and nvPM emissions, new alternate fuels or energy carriers
to minimize CO as well as nvPM and SOx emissions and operational mitigations to
improve fuel efficiency and avoid or reduce formation of contrails having significant
radiative effects (see “CAEP Impacts and Science Group (ISG) — Contrail Science Work-
shop Report (Lee et al. 2025).” for more details on contrails). This report does not con-
sider the indirect effects (e.g., from airport and ground vehicles) on the environment
and the focus is on the interdependencies between air quality and climate impacts of
aircraft.

The climate impacts of aviation emissions of CO; (including the lifecycle emissions)
have high certainty and have therefore been the focus of several industry and govern-
ment targets. While there is scientific uncertainty in the relative magnitude of impact
that stems from various aviation emissions components, the literature suggests that
climate impacts of non-CO, components of aviation emissions are comparable to that
of CO; emissions from aviation. Recent research has focused on the complex interac-
tions between SOy, NOy, and soot emissions with background aerosols and the differ-
ent pathways through which they contribute to the radiative budget.

CO; effects last over centuries while non-CO; impacts are short-lived and highly de-
pendent on emission location and timing. In order to capture these varying lifetimes
of different components of aviation emissions and the time scale of the resulting cli-
mate impact several “climate metrics” are in common use in the literature. The impact
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metrics in use span a large range from the instantaneous radiative forcing to integrated
emission metrics such as the global warming potential over a certain time horizon to
monetized economic damages. The choice of metric is ultimately a value judgement as
different metrics are useful under different situations and the specific questions to be
answered.

The net present-day radiative effect of aircraft NOx emissions is estimated to be posi-
tive. However, this estimate does not account for the cooling from NOy attributable to
aerosols. These effects are associated with large uncertainties and their inclusion re-
duces the net NOx radiative forcing. As a consequence of these indirect forcings, and
the future scenario for background concentrations of ozone precursors, recent studies
suggest that the sign of the future net NOy radiative forcing could vary from positive
to negative. Further research to better understand the net NOy radiative forcing is
needed.

The net aviation aerosol direct radiation interaction is assessed to be negative because
of the dominance of the cooling influence of sulphate aerosol, and to a lesser extent
nitrate aerosol, over the warming influence of soot. Sulphate and soot emissions can
also interact with low and high-level clouds and these climate impacts remain highly
uncertain both in terms of sign and magnitude

Aviation emissions contribute to degradation of air quality via increase in ground level
concentrations of harmful pollutants. Recent research has strengthened the under-
standing that aviation air quality impacts include both local-to-regional scale impacts
due to near-surface (i.e., near airport) emissions as well as global scale impacts result-
ing from emissions during cruise.

Although air quality impacts per unit of fuel burn are greater from landing and take-
off emissions, the fact that over 90% of aviation fuel burn occurs above 3,000 ft means
that cruise emissions could dominate overall impacts on air quality. According to some
modelling studies, these global air quality impacts are principally due to cruise-altitude
emissions of NOy. In addition to the global air quality impacts, aircraft emissions during
the LTO phase also have been shown to cause health impacts due to exposures to ul-
trafine particles (UFP), PM2s, O3 and NO2 concentrations. Most national air quality
standards have historically focused on near airport emissions.

While advances in aircraft technology can lower fuel burn and CO, emissions, certain
design choices can lead to increased NOx emissions due to an increase in combustor
temperatures. This creates a challenge for balancing the environmental impacts of
CO,, which predominantly affects climate change, and NOy, which impacts both cli-
mate and air quality.



Monetizing the environmental costs (i.e., combined climate and air quality impacts) is
one potential way to quantify the disparate impacts on a common basis and under-
stand the trade-offs between CO; and NOy emissions reducing technology. Such met-
rics are still subject to strong limitations and introduces further assumptions and un-
certainties in how various impacts (climate, health, premature mortalities) are valued
but can guide design decisions, such as small increases in fuel burn in exchange for
larger NOy reductions, particularly as more sustainable aviation fuels (SAFs) are intro-
duced. However, trade-offs between non-volatile particulate matter (nvPM) and NO
are less understood, with emissions impacts highly dependent on specific engine tech-
nologies.

Future technological advancements, combined with SAF scale-up and deployment, are
expected to play a critical role in reducing aviation’s environmental footprint in the
medium to long term. However, many of these technologies (such as hydrogen air-
craft) that are thought to have benefits are at very low Technology Readiness Levels
(TRLs) with several open questions (e.g., contrail impacts for hydrogen combustion are
unknown for example — See “CAEP— Contrail Science Workshop Report). Achieving
meaningful reductions in emissions (especially in the near-term) also requires address-
ing inefficiencies in air traffic management which, if left unaddressed, can undermine
the gains from technological improvements.



INTRODUCTION

Aviation plays a crucial role in connecting people, facilitating knowledge exchange, driving innovation,
and enabling global trade and tourism. However, aviation emissions are also known to contribute to
climate and air quality impacts (Barrett, Britter, and Waitz 2010; Brasseur et al. 1998, 2016; Brasseur,
Midller, and Granier 1996; Lee et al. 2021). The climate impact of aviation primarily stems from
emissions of carbon dioxide (CO;) and nitrogen oxides (NOy), contrail-cirrus formation (being
dependent on emissions of water vapour (H,O) and non-volatile particulate matter (nvPM)) with
smaller contributions from oxides of sulphur (SOy) as well as additional climate impacts of H,O and
nvPM emissions. The metric chosen to quantify the climate impact influences the magnitude and
relative contribution of each of these species (Grobler et al. 2019; Lee et al. 2021). The air quality
impacts of aviation are primarily driven by emissions of NOy, SOy, and nvPM (Barrett et al. 2010;
Eastham et al. 2024; Yim et al. 2015). These impacts arise from both local near-ground emissions during
take-off and landing and high-altitude emissions (Arter et al. 2022; Barrett et al. 2010; Eastham et al.
2024; Lee et al. 2013).

There are several research groups and research publications that have focused on solutions to mitigate
the climate and air quality impacts of aviation. These can be broadly classified into three approaches
to mitigating the environmental impacts of aviation. The first approach involves the use of low
greenhouse gas (GHG) fuels, such as Sustainable Aviation Fuels (SAFs), to address CO; emissions (Huq
et al. 2021; Staples et al. 2014; Wang et al. 2021). The second approach focuses on operational
strategies to reduce aviation attributable climate impacts (Gao 2013; Gierens, Lim, and Eleftheratos
2008; Grewe et al. 2014; Linke, Grewe, and Gollnick 2017; Teoh et al. 2020; Zengerling et al. 2023) one
such example (amongst others) is operational strategies and tactics to reduce aviation contrail impacts
(further details specifically on contrail avoidance available in “CAEP Contrail Science Workshop
Report”). The third approach utilizes technological innovations to reduce NOy and nvPM to mitigate air
quality impacts and to reduce CO; to mitigate climate impacts (Cumpsty et al. 2019; also refer to ICAO
Doc 10127).

There are known interdependencies between the climate and air quality impacts of aviation. For
instance, SO emissions lead to the formation of sulphate aerosols, which can exert a negative radiative
forcing by reflecting incoming solar radiation and thereby cooling the planet (Brasseur et al. 2016;
Grobler et al. 2019; Prashanth et al. 2022). However, SO« emissions also contribute to an increase in
particulate matter (PM..s), which has adverse effects on human health (Burnett et al. 2014; Dockery et
al. 1993). Additionally, while certain technology solutions can result in a reduction in climate and air
quality impacts (e.g., increasing the component efficiencies of a gas turbine can reduce both CO; and
NOyx emissions) other technological solutions to reduce climate impacts may inadvertently increase air
quality impacts (e.g., using a higher compressor pressure ratio in a gas turbine to reduce CO; emissions,
while beneficial for climate, can result in higher NOx emissions for the same combustor technology due
to an increase in combustor inlet temperature, which negatively impacts air quality).

In the following sections, we summarize the state of the science on these topics, based on a literature
review of peer-reviewed publications. Section 1 will explore the pathways through which aviation
emissions affect the climate and the various metrics used in scientific literature to quantify these
impacts. Section 2 will delve into the chemical processes responsible for aviation's air quality impacts
and discuss methodologies for quantifying the associated health impacts. Section 3 will provide an
extensive discussion of mitigation strategies, and in Section 4, we will examine the interdependencies
between climate and air quality impacts of aviation arising from several sources.



1. CLIMATE IMPACTS OF AVIATION

Aviation contributes to the global climate warming. Aircraft emissions affect atmospheric composition
and modify the cloudiness, which in turn influence the radiative balance of the atmosphere (Figure 1).
The present contribution of aviation to global CO, emissions is around 2.4% (Lee et al. 2021). Global
aviation fuel use and CO; emissions have increased in the last four decades and are anticipated to grow,
with the largest growth coming from Asia (Lee et al. 2021). The growth in air traffic results in an increase
in the CO, contribution to the warming (Boucher et al. 2021; Klower et al. 2021; Terrenoire et al. 2019).
In addition to CO,, other species emitted by aviation (“non-CO,” emissions) also impact the global
climate. Collectively aviation CO, and non-CO, emissions are calculated to represent about 3.5% (on an
effective radiative forcing basis; defined below) of the total anthropogenic radiative impact on climate
in 2011 (Lee et al. 2021), but further increase in air traffic as projected (Dray et al. 2022) combined
with clearer paths to decarbonization in other sectors may increase the absolute and relative
contribution (Cames et al. 2015) of aviation to global climate change even with further technological
and operational efficiency increases (Grewe et al. 2021).

Quantified on an Effective Radiative Forcing (ERF) basis, the CO, and non-CO; related impacts account
for about one-third and two-thirds of aviation’s total climate impact respectively (Lee et al. 2021).
However, the relative contribution of aviation’s CO; and non-CO; impacts might change in the future
as the non-CO; impacts are dependent on the background atmosphere and contingent on the rate of
growth of aviation (Brazzola, Patt, and Wohland 2022; Kléwer et al. 2021). In addition, aerosol-cloud
interactions are not yet considered in the aviation ERF evaluation but could significantly change the
non-CO; contribution for the present-day and in the future. When aviation’s climate impacts are
quantified in terms of the integrated future contribution to global warming (over a 100 year time-
horizon) due to a unit of fuel burned the contribution of aviation CO, emissions account one-half to
two-thirds of the total aviation attributable climate impact (Grobler et al. 2019; Lee et al. 2021). The
non-CO, impacts of aviation have a greater uncertainty associated with them compared to that from
CO.. Additionally, non-CO; and CO; emissions have very different atmospheric lifetimes and therefore
the resulting radiative forcing from these species differ substantially in time scales. CO, remains in the
atmosphere for millennia, whereas non-CO; components are short-lived, persisting for hours, months,
or years. Consequently, long-lived gases such as CO; are considered “well-mixed” and the climate
impact of CO; is effectively independent of emission location, while the radiative forcing from non-CO,
components are highly dependent on the location and time of emissions.



ICAO Committee on Aviation Environmental Protection, Impacts and Science Group, 2025
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Figure 1. Schematic overview of the processes by which aviation emissions and increased cirrus cloudiness affect
the climate system. Courtesy: N. Bellouin, G. Dannet (ClimAviation).

Climate metrics

The most common measure used to quantify the climate effects of aviation is the Radiative Forcing (RF)
which has units of Watts per square meter (W.m2). It characterizes the instantaneous size of the
perturbation to the planetary radiation budget relative to the pre-industrialization period. The
perturbation in the radiative balance (i.e., the RF) of the earth-energy system leads to a surface
temperature change (a positive RF leads to a warming, and a negative RF to a cooling). Recent IPCC
assessment have adopted the ERF as the preferred measure (Forster and Storelvmo 2023; Myhre et al.
2013). ERFs include the instantaneous forcing following adjustments in both tropospheric and
stratospheric temperatures, water vapour, clouds, and some surface properties (Forster and Storelvmo
2023). For some climate change forcers (e.g., CO,), the difference between RF and ERF is small; for
others (e.g., aerosols, contrails) it is substantial (Ponater et al. 2021), and a source of additional
uncertainty (Lee et al. 2021). RFs and ERFs can be used to calculate several climate metrics relevant to
different policy targets and for different time horizons. A frequently used approach is to quantify the
climate impact of a species relative to the climate impact of CO; in the same time frame (abbreviated
as CO,-eq or CO,e). As part of the Paris Agreement Rulebook, the Global Warming Potential with a 100-
year time-horizon (GWP190) was decided as the default metric to report aggregated emissions and
removals of greenhouse gases. However, no specific metric has been formally adopted for the aviation
sector (Fuglestvedt et al., 2023). In particular, for short-lived emissions other metrics may be more
relevant in certain contexts (Allen et al. 2022; Collins et al. 2020; Lund et al. 2017). Several other metrics
have been proposed for quantifying the climate impact in the literature and the recent analysis by
Megill, Deck, and Grewe (2024) suggests that there are derivative and alternative metrics that
outperform the GWP in the case aviation non-CO; climate impacts. Table 1 below summarizes the key
climate metrics that are currently in use in literature.
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Table 1. Prevalent metrics use in the scientific literature. In the equivalency (or CO;-e) metrics below the choice of the time horizon i, is primarily a value
judgement. Recent work in the literature compares and contrasts the benefits and limitations of different metrics for use in determining aviation emissions
equivalence (Megill, Deck, and Grewe 2024).

Metric Units Description Notes and caveats

e Most directly calculated from the emissions with least uncertainty.
Rediative Forc Global Tnstantaneous perturbation in e Does n.ot capture the resp.on.se of atmosphere or the. Ea'rth system. . '
adiative Forcing [W/m?] | the net radiative flux at the top of the e As an instantaneous metric it does not capture the lifetime of the associated emis-

(RF) atmosphere (excludes any adjustments). sions/ species and the resulting impact.
e Does not capture spatial inhomogeneity of forcers well.

Stratospheric The global perturbation in net radiative

adjusted [W/m? flux at the top of the atmosphere affer
Radiative Forcing m-] accounting for the stratosphere to reach | ® Does not capture the response of the troposphere or the Earth system.

(SARF) radiative equilibrium.

e Most often used historically.

o Widely considered as a better representation of the radiative impact by including

The global perturbation in net radiative the rapid adjustments (cloud cover in particular) to be “effectively” part of the RF

. itself.
Effective flux at the top of the atmosphere affer 8¢ ) . . .
radiative forcing | [W/m?] | accounting for rapid adjustments e Requires the use of a comprehensive climate model to calculate the efficacies.
(ERF) excluding radiative responses of the e Scientific uncertainties remain in key aspects such as aerosol-cloud interactions.
surface temperature change. o Not conducive to compare climate impacts of components that have very different

atmospheric lifetimes.

Physical metrics or climate indicators

e Requires the use of a comprehensive climate model capturing key climate feed-

The global resultant mean surface air
backs or at least an emulator.

[K] temperature change due to the ) . . .
perturbation. ¢ Not conducive to compare forcers with significant spatial heterogeneity.

Temperature
change




RF due to a pulse emission of a given

The choice of the time horizon i, is inherently a value judgement as it depends on

Global Warming [CO-eq] component integrated over a time the relative importance of short- and long-term impacts.
Potential (GWP;) horizon L rglatwe toa Primarily suitable for well mixed greenhouse gases.
pulse emission of an equal mass of CO»
Efficacy .
é weighted Global Similar to GWP but weighted by the Recel.lﬂg. proposed to better match and track mean or peak temperature-based cli-
S | Warming [COz2-eq] | efficacy of the species or component of m'ate mn 1cator§ ) _ )
i Potential interest Highly uncertain particularly for short-lived forcers such as contrails
S | (EGWP)
2z
=
Global Change in global mean surface "ll"lhe cilo%ce Qf the time hc;rlion i,is (;rihereltltly aivaluetjudgernent as it depends on
Temperature [COs-eq] temperature at a particular point in time the ?e ative 1rnportapce ots ort—. an on.g— erm lmpE'lC S- )
change Potential 2041 | i Gueto a given component, relative to Unlike GWP, GTP is an end-point met?lc - chan.ge in temperature gt a particular
(GTP)) that of CO.,. future assessment time, integrated versions of this (iIGTP) also are in use.
Average The average change in temperature Effectively the absolute GTP normalized by the time horizon of choice.
Temperature K] over a given time horizon i. Time Historically proposed for aircraft design
Response ratio horizon initially proposed to account Requires the calculation of the global mean temperature change first
ATR; for the operation lifetime of an aircraft.
P
- Allows for comparison of climate impacts with other aspects of environmental
-;:: . o impacts (e.g., air quality, noise) op a common basis making it policy relevant
GE’ The estimated economic impact due to Use of a discount rate inherently introduces a value judgement of near- vs long-
o | Monetised [$] or [€] climate change attributable to a term impacts
E damages particular component using damage Statistical valuation (in monetary units) of climate damages (e.g., using integrated
g functions. assessment model results) and health impacts (e.g., using values of statistical life)
| and climate introduce further assumptions and uncertainties.




As an example for illustrating the complexity issue arising from the choice of a climate metric, Figure 2
shows the impact of using different metrics while evaluating the climate impact of NOx emissions
calculated as the ratio of the total (CO, + NOy) to the CO; only climate impact of aviation emissions. The
ERFs illustrate that the total (CO; + NOy) effect is 43% greater than that of CO; alone. The GWP3, which
integrates the radiative forcing over a 20-year time-horizon, shows that the effect of NOx (dominated by
the short-term O3 forcing at this time-horizon) results in CO,-equivalent emissions that are larger than just
CO; emissions by 76%. The commonly adopted GWP1q results in an COz-equivalent total emission larger
than CO; emissions alone by only 16% because the long-term cooling effect associated with CHs comes
into play at this time horizon. When accounting for the climate system inertia, the GTP,, metric, the climate
response of aviation NOx becomes dominated by the CH. long-term cooling, resulting in a total CO»-
equivalent emission reduction of 16%. This reduction is progressively reduced for the GTPso and further
for the GTP10o0 since the CH, lifetime remains relatively short compared to CO,. In the case of the ATRi0o
metric, averaging the temperature increase over 100-year period, the increased effect of aircraft NOy
equivalent emissions above CO,-only emissions is 19%. The above comparison of the different metrics is
useful to illustrate how the magnitude of the impact that is calculated varies as different metrics differently
weight the short term and long-term impacts. However, it should be emphasized that these metrics are
not interchangeable and the relevance of a particular metric to a use case needs to be carefully considered
in the light of the context and question being asked. It should be further pointed out that the attribution
methods used to determine the aviation contribution to climate change is also subject to discussion.
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Figure 2. Ratio of the total (CO; + NOy) to CO; only equivalent emissions calculated using different metrics (ERF,
GWP, GWP, GTP, ATR) and time-horizons. ERF, GWP, GTP and ATR calculated by the authors based on radiative
forcings from Terrenoire et al. (2022) and the impulse response model in Hauglustaine et al. (2022).

Non-CO:2 effects

The non-CO; emissions directly emitted by the aircraft and relevant for climate impact purpose include
water vapour, soot, SOy, and NOy (Figure 1). Whereas the direct radiative forcing of water vapour emissions
is currently assessed to be small and positive (Lee et al. 2021), it is highly dependent on the altitude of the



emissions and its importance increases when emitted higher into the stratosphere (Eastham et al. 2022;
Zhang et al. 2021). Emissions of SOy arising from sulphur in the fuel, which is oxidized to form sulphate
particles, results in a negative (direct) ERF. Emissions of soot particles result in a (direct) positive ERF.
Recent research has focused on the complex interactions between SOy, NOy, and soot emissions with
background aerosols and the different pathways through which they contribute to the radiative budget
(Figure 3). The net aviation aerosol-radiation interaction is assessed to be negative because of the
dominance of the cooling influence of sulphate aerosol, and to a lesser extent nitrate aerosol, over the
warming influence of soot (Lee et al. 2021; Prashanth et al. 2022; Terrenoire et al. 2022) and that is
estimated to not change under future scenarios (Terrenoire et al. 2022). Sulphate and soot emissions can
also interact with low and high-level clouds (both natural and aviation induced), respectively; however,
these climate impacts remain highly uncertain both in terms of sign and magnitude (Lee et al. 2021; Righi,
Hendricks, and Brinkop 2023). The modelled indirect aerosol-cloud interactions are highly parametrized
and strongly dependent on the assumed size of the emitted sulphate particles or ice nucleating abilities
of soot. There are currently no best estimates of the magnitudes of these effects.
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Figure 3. Aviation-attributable radiative forcing (in mW/m?) due to aerosol species (total aerosol and its
components—sulphates, nitrates, ammonium, soot (or black carbon)). Total tropospheric aerosol includes the RF
due to other aerosols such as organic and black carbon (Prashanth et al. 2022). The sum of the fractional RF
components from NOy, SOx and BC does not equal 1 due to non-linear interactions.

An important non-CO;, non-contrail effect from aviation on climate, at present, is the changes in
atmospheric chemistry due to emissions of NO. The net forcing of NO« depends on the latitude, altitude,
time of year of emission as well as the size of emission or background atmosphere (e.g., Kéhler et al. 2013;
Skowron et al. 2021; Sgvde et al. 2014; Stevenson et al. 2004) and local weather conditions (Maruhashi et
al. 2024). Aviation NOy emissions contribute to climate change by formation of Os; and destruction of
atmospheric CHa. Both O3 and CH4 are greenhouse gases, and these perturbations result in warming and
cooling effects, respectively, and at different time- and geographical scales. The CH4 reduction also has
secondary effects that lead to further cooling: a decrease in background Os; and a reduction in
stratospheric water vapor (SWV). Whereas the total (net) present-day radiative effect of aircraft NOy
emissions is estimated to be positive (Lee et al. 2021) these estimates do not account for cooling from NOy
attributable aerosol. NOy emissions are also involved in the direct increase of nitrate aerosols and indirect
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formation of sulphate aerosols, via increased hydroxyl radical (OH) and SO, conversion to particles (Figure
3). These effects are associated with large uncertainties and result in negative forcings (Prashanth et al.
2022; Terrenoire et al. 2022), and the inclusion of these processes reduces the net NOy radiative forcing
(Terrenoire et al. 2022). As a consequence of these indirect forcings, and also depending on the future
background scenario for surface emissions of ozone precursors, recent studies suggest that the sign of the
future net NOy radiative forcing could vary from positive to negative, and it remains highly uncertain
(Maruhashi et al. 2022; Skowron et al. 2021; Terrenoire et al. 2022).

In addition to the above gas phase and aerosol species, condensation of water vapour on nuclei results in
the formation of ice crystals present in condensation trails (contrails) and contrail cirrus clouds. The
radiative effect of contrail cirrus varies strongly (positive to negative RF) with location, altitude, and time
of emissions. The net (day and night) RF of contrail cirrus is positive (Lee et al. 2021) leading to a warming
of the climate system, but its impacts are associated with significant uncertainties (Karcher 2018; Lee et
al. 2021). Detailed discussions on the aviation induced cloudiness are presented in the CAEP Contrail
science workshop report (Lee et al. 2025).

2. AIR QUALITY IMPACTS OF AVIATION

Aviation emissions contribute to air quality degradation via an increase in near-surface concentrations of
harmful pollutants. The key pollutants are particulate matter with a diameter of less than 2.5 microns
(PM2s) and ozone. Aviation can increase their concentrations both through direct emissions of harmful
pollutants (e.g. ultrafine soot) and by emitting precursor pollutants (e.g. ozone forming as a result of
aircraft NOy emissions). The air quality impacts of aviation emissions are now understood to include both
global impacts resulting principally from emissions during cruise, and local-to-regional impacts resulting
from near-airport emissions (Barrett et al. 2010; Eastham et al. 2024; Eastham and Barrett 2016; Lee et
al. 2013; Quadros, Snellen, and Dedoussi 2020). Air quality impacts, when monetized, may be comparable
to the climate impacts of aviation (Grobler et al. 2019) but are subject to further uncertainties.

Global air quality

Based on results from several simulations, the degradation of global air quality by aviation is attributed
principally to cruise-altitude emissions of NOy (Barrett et al. 2010; Eastham et al. 2024; Yim et al. 2015).
Although air quality impacts per unit of fuel burn are greater from landing and take-off emissions, the fact
that over 90% of aviation fuel burn occurs above 3,000 ft (Simone, Stettler, and Barrett 2013) means that
cruise emissions may dominate overall impacts on air quality (Grobler et al. 2019). The key contributor is
found to be emissions of cruise-altitude NOy in these studies (Barrett et al. 2010; Lee et al. 2013; Quadros
et al. 2020). Although particulate matter emitted or formed at cruise altitude is rapidly washed out of the
atmosphere before being transported to the surface (Whitt et al. 2011), the ozone formed by cruise NOy
is sufficiently insoluble and long-lived to travel to the surface (Eastham and Barrett 2016). Once at the
surface ozone both constitutes a health risk in itself and accelerates the formation of harmful PM;.s from
existing non-aviation precursor emissions (Eastham and Barrett 2016; Prashanth et al. 2022). The amount
of PM,.s formed depends both on the region of emission and on the concentrations of precursor pollutants
such as ammonia in impacted regions (Phoenix et al. 2019; Quadros et al. 2020). However multiple studies
have shown that the contribution of aviation to changes in surface ozone and PM; s is maximized during
winter (Eastham and Barrett 2016; Lee et al. 2013; Phoenix et al. 2019).

Although the relative contribution of aviation to surface changes in air quality is small compared to other
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sectors (Dasadhikari et al. 2019; Phoenix et al. 2019), the additional ozone and PM5 s both result in public
health impacts estimated to range from 10,000 to 74,000 premature mortalities per year (Barrett et al.
2010; Eastham et al. 2024; Eastham and Barrett 2016; Prashanth et al. 2021; Quadros et al. 2020; Yim et
al. 2015). These totals are nonetheless subject to significant uncertainty. A multi-model estimate found
broad agreement between models that surface concentrations of ozone and PM, s are increased by full-
flight aviation emissions (Cameron et al. 2017), and the individual components in the chain of effect from
cruise NOyx emissions to health impact are individually well understood. However, aviation emissions
typically cause increases which are spatially diffuse (Eastham and Barrett 2016) and on the order of 1-2%
of background ozone and PM,s (Hauglustaine and Koffi 2012; Lee et al. 2013). As a result, directly
attributing observed changes in air quality to aviation emissions remains challenging.

Ongoing research has helped to reduce these uncertainties. For example, there had been disagreement
regarding whether impacts calculated in older studies of aviation’s air quality impacts (Barrett et al. 2010)
were overestimated due to the use of low spatial resolution in the models. Although Yim et al., using a
chain of nested models, had not found a significant reduction in aviation-related air pollution when using
higher resolution models (Yim et al. 2015), Vennam et al. reported a 13-70 times reduction in estimated
exposure when using a high-resolution, nested model compared to results from a lower-resolution, global
model (Vennam et al. 2017). This result has recently been used to argue that surface level effects of cruise
emissions are too uncertain to justify action (Lee et al. 2023). However, other studies found no such
discrepancy, with similar air quality impacts at coarse and fine model resolutions (Quadros et al. 2020).
Subsequent work has shown that the discrepancy reported by Vennam et al. is likely due to neglecting the
effect that aviation has on the air entering at the boundaries of the United-States domain, meaning that
the high-resolution component of Vennam et al. considered only near-surface emissions (Eastham et al.
2024). The Eastham et al. (2024) study also showed that PM, s and ozone related global air quality impacts
from aviation are almost entirely due to cruise-altitude NOy emissions, rather than Landing and Take Off
(LTO) emissions or non-volatile particulate matter, and that most air quality impacts from aviation within
the US result from fuel burned outside of US air space (see Figure 4). The exception is exposure to nvPM
which is mostly from local sources but makes up less than 1% of the population exposure to PM,s
attributable to aviation and is irrelevant to the ozone impacts. These findings add to the existing consensus
between models showing a hemispheric-scale increase in air pollution associated with cruise-altitude
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Figure 4. Estimated population-weighted mean exposure to
PMo2s (top), soot (middle), and ozone (bottom) resulting from
cruise altitude emissions for four different regions. Each group
of vertical bars shows the estimated exposure in a different
world region (i.e., a receptor region), and each individual bar
shows the effect of increasing global model resolution from
~400 km (C24, left) to 100 km (C90, centre) and then 50 km
(C180, right). The black segment of each bar shows the exposure
resulting specifically from emissions over the contiguous US (in
every group). Adapted from Figure 4 of Eastham et al. (2024).

0.5
E 0.4
)
€03
8 0.2

0.1

0.0

1.0
208
a
a
v 0.6
5 0.4
0.2

0.0

Global mean

12



Local air quality

In addition to the global air quality impacts, aircraft emissions during the LTO phase also have been shown
to cause health impacts due to exposures to ultrafine particles (UFP), PM,s, O; and NO,. Arter et al.
showed that nearly 1200 (645 — 1800) premature deaths (in the US, which was the domain of study) are
attributable to aviation LTO emissions with 92% of these due to NO; (Arter et al. 2022). Exposures to NO;
also cause 170,000 (4,400 — 340,000) excess asthma exacerbations in the U.S. Further, they show that
implementing a 50% blend of sustainable alternate fuels (SAFs) result in a 18% reduction in PM3s
attributable premature mortalities, but the LTO-attributable NO; to be unaffected by the implementation
of SAFs. Thus, while transitioning to SAFs may lead to reductions in CO; (not discussed in this section) and
direct PMs related health impacts, additional NOy reductions are needed to mitigate the air quality-
related health impacts from LTO emissions. Given the increasing role of NO, from aircraft emissions on
public health, it is also important to have better characterization of aircraft plumes around airports to
study local-scale air quality, where NO, may be of concern. For example, the United States regulatory
model has shown to have several deficiencies in modelling the hot buoyant plume from aircraft exhaust
(Arunachalam et al. 2019) and recent efforts to characterize plume rise due to aircraft emissions in local-
scale dispersion models (Pandey, Venkatram, and Arunachalam 2023) need to be considered for local-
scale air quality studies.

Ultrafine particle concentrations (UFP, Dp < 100 nm) are also of interest when considering local scale air
quality impacts due to aircraft emissions. Several airport studies have emerged globally (airports including
Los Angeles, Boston Logan, Seattle Tacoma, London Heathrow, Schiphol, Frankfurt, Copenhagen, etc.)
showing elevated levels of UFP exposures at downwind distances from the airport, and increased
attention needs to be given to the formation of UFP from aircraft during LTO operations. Mueller et al.
(2022) observed mean reductions of 48% in particle number concentrations (PNC) near the Boston Logan
airport, due to 74% lower flight activity and 39% lower traffic volume due to the 2020 — 2021 COVID-19
related pandemic (Mueller et al. 2022). Post-pandemic, they saw a 23% lower level of PNC at a site
downwind from Logan attributable to a 44% lower flight activity from pre-pandemic levels.

3. MITIGATION OF AVIATION ENVIRONMENTAL
IMPACTS

Estimates of the climate impact from aviation are based on four aspects affecting emissions from an
aircraft, namely the aircraft and engine technology, the energy carrier or fuel used, the concept of
operations of the flights (i.e., the way the routing is performed, the trajectory flown etc), and finally the
response of the atmosphere to those emissions. These factors are coupled, and a new technology might
affect all four emissions aspects. For example, the analysed multi-fuel blended-wing body (Gangoli Rao,
Yin, and P. van Buijtenen 2014) that uses liquid hydrogen and SAFs as fuels in two subsequent combustion
chambers has a higher overall efficiency, a low NOyx emissions index, and particulate emissions, but a
higher optimal cruise altitude. Especially the combination of hydrogen as a fuel and a higher flight altitude
significantly increases the climate impact from water vapor emissions into the stratosphere (Grewe et al.
2017; Pletzer et al. 2022). Hence any mitigation of the climate impact of aviation that targets one of the
four components, might implicitly affect all others. In addition, assessing mitigation options also implies
a careful analysis of the basic scenario assumptions, e.g., fleet development and other factors, and a
climate metric that is well adapted to the addressed objective (Grewe and Dahlmann 2015). This implies
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that the current ratio of non-CO; climate effects to the CO; climate effect (estimated to be around 2) for
the ERF in 2018 from all emissions since 1940 (Lee et al. 2021) might significantly differ for individual
sectors, such as short-, medium- and long-range aircraft (Grewe et al. 2017) leading to different weighs
between non-CO; and CO; in the mitigation of their climate impacts.

The resilient growth of aviation sector is an ongoing concern for the climate. The recent pandemic
provided an opportunity for discussion on the environmental impacts of air traffic, its various pathways of
growth, and the efficiencies of climate policies (Gossling and Humpe 2020). The reduction of aviation and
other emissions due to COVID-19 lockdowns led to discernible changes in atmospheric composition, for
instance in tropospheric nitrogen oxides, ozone, methane and OH (Weber et al., 2020; Steinbrecht et al.,
2021; Mertens et al., 2021; Peng et al., 2022; Stevenson et al., 2022). Despite the temporary decrease,
global aviation traffic and emissions recovered after the COVID-19 pandemic and meet the projected
growth rates to 2050. The reduction of aviation climate impact due to COVID-19 is small, mostly because
of the cumulative nature of the CO,-induced warming and is estimated to only delay aviation contribution
to warming (Grewe et al. 2021; Klower et al. 2021).

New technologies and fuels for NOx and nvPM reduction

Technology solutions to reduce the emissions of NOx and nvPM per unit fuel burn (e.g., emissions indices)
are predominantly at the engine and combustor level. Aircraft system level efficiency improvements will
reduce fuel burn which in turn reduces both the CO, impacts (not the focus of this report, please refer to
other prior CAEP work such as (Cumpsty et al. 2019)) as well as the total emissions of NO,, SOy, nvPM etc.
Recent research projects to mitigate aviation environmental impacts have explored concepts to reduce
NOy emissions from the gas turbine through modifications to the thermodynamic cycle or through the
unconventional power trains. Advanced Rich Quench Lean (RQL) and Lean Burn (LB) are both active areas
of progress and research. For advanced RQL there are well understood trade-offs between NOyx and nvPM
emission reductions. LB combustion offers the potential for controlling both NOx and nvPM emissions at
full power and cruise conditions and there are significant operability and scalability issues associated with
LB combustion developments. To continue reductions in fuel burn and emissions (NOx and nvPM), whilst
retaining operability criteria of the combustion technology, these technologies have been improving with
time (CAEP/13-WG3/4-WP/04, 2023).

Other conceptual studies suggest the use of post-combustion emissions control (Prashanth et al. 2021) as
a means to minimize or eliminate aviation NO4 emissions. A trend towards power dense engine cores with
reduced core size (characterized by the corrected mass flow at compressor exit) and architectures that
decouple thrust production from shaft power production (e.g., a turbo-electric system) may present
opportunities to treat the core exhaust gases. Such technology in future architectures, coupled with use
of SAFs may further open the design space for engine designers to optimize the thermodynamic cycle and
combustion to minimize fuel burn and other pollutants such as nvPM. The feasibility of such propulsion-
airframe integrated architectures needs to be further researched.

Yin et al. (2020) investigated the impacts of a regional/narrow-body hybrid electric aircraft (HEA) on
contrail formation and potential contrail coverage (Yin, Grewe, and Gierens 2020). In general, they found
that HEA have smaller areas for contrail formation when the degree of electrification used in operation
increases. Their results show that a small degree of hybridization (below 30%) shows only marginal
changes in potential contrail coverage. In contrast, a maximum decrease of 40% in potential contrail
coverage was found locally for a 90% electrification, indicating that a targeted used of the electrification
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during cruise, i.e., in ice supersaturated regions, might be relevant to avoid the formation of contrails by
hybrid electric aircraft.

Sustainable alternate fuels and energy carriers

The reduction of fossil-based CO, emissions is the main lever (and policy requirement) associated with
climate protection. An increase in uptake of SAFs (in order to reduce CO,emissions) is likely to also reduce
SO and soot emissions as a co-benefit. If liquid hydrogen is considered, the H, combustion will lead to no
soot or SOx emissions, however there will be an increase in direct water vapour emissions. As a result, the
contrails formed will have different characteristics in terms of density, lifetime, and radiative effects (Bier
et al. 2024; Lee et al. 2023; Markl et al. 2024; Ponater et al. 2006) (see the ISG Contrail Science Workshop
report for further details). Emissions of NO, per unit of fuel burn are not directly impacted by the choice
of hydrocarbon based SAF, since they are a function of high-temperature combustion and result from the
combining of atmospheric nitrogen and oxygen (fuel bound nitrogen is a negligible contribution for most
aviation fuels). The magnitude of the non-CO, co-benefits (both with respect to climate and global air
quality) resulting from utilizing SAF has currently large uncertainties and requires more work (there is
relatively higher confidence regarding the local air quality benefits from reducing soot emissions, for ex-
ample). In light of the need to substantially reduce the climate impacts of aviation and considering the
current TRL levels of advanced technologies and the need of green electricity to produce the required
volume of synthetic jet fuel, it has been suggested and demonstrated that climate-neutral aviation can
happen through air traffic reduction (Gossling and Humpe 2020; Kléwer et al. 2021; Sacchi et al. 2023).

Recent work by Adler et al. (2023) analyses the potential for hydrogen fuelled aircraft (Adler and Martins
2023). From a climate perspective, hydrogen aircraft can have a lower impact than conventional aircraft,
provided the hydrogen is produced using renewable energy sources such as wind, solar, or nuclear power.
These aircraft produce no in-flight CO, (lifecycle emissions of producing the hydrogen still need to be
accounted for) and while the adiabatic flame temperature of hydrogen combustion is higher, specifically
designed combustors may result in a reduction in NOx emissions via improved mixing and leaner
combustion (simply switching the fuel without modifying the combustion systems could result in an
increase in NOyx production). The impact of hydrogen fuelled aircraft on persistent contrails and contrail
cirrus is uncertain. However, rerouting flights to avoid regions where warming persistent contrails are
likely to form may mitigate this issue (refer to the ISG Contrail Science workshop Report for further
details). In the case of hydrogen, it should also be noticed that reducing the leakage rate during
production, transport and use, and increasing the renewable hydrogen production pathway appear as the
key leverages towards a maximum mitigation of the climate impact (Hauglustaine et al., 2022). It should
also be kept in mind that the hydrogen combustion and novel engine cycle research is currently at low
TRL.

Impact of trajectory changes

Matthes et al. (2021) and Terrenoire et al. (2022) investigated the climate impact reductions potential by
flying generally lower or higher by 1000 ft by considering CO,, NOy, contrails and aerosol-cloud effects.
The results agree with earlier studies (Fromming et al. 2012), showing a reduction of non-CO; effects for
lower altitudes, while CO, emissions increase.

Linke et al. (2017) studied the climate impact of intermediate-stop operations (ISO) for a global fleet. They
concluded that intermediate-stop operations could achieve approximately a 5% fuel reduction and
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decreased contrail impact due to higher cruise altitudes. However, the higher altitudes of the first flight
leg due to lower take-off weights resulted in increased NOy and H,0 impacts, which offset the benefits
from fuel savings and reduced contrails. Zengerlin et al. (2023) revised this study and found that by
selecting the most fuel-efficient trajectories that do not increase climate impact, fuel consumption can be
reduced by 1.3% and the overall climate impact (measured by ATR100) by 2.1% compared to conventional
operations (Zengerling et al. 2023).

Dahimann et al. examined the potential for reducing climate impact by flying two aircraft in aerodynamic
formation (Dahlmann et al. 2020). This study is based on prior detailed fleet analysis (Marks et al. 2021)
and Large Eddy Simulations (LES) of contrail interactions by Unterstrasser (2020). By analyzing the top 50
city pair connections while maintaining the same flight altitude and speed as a reference, they found a
total climate impact reduction of 22% (Figure 5). Although the flight distance increases with aerodynamic
formation, wake energy retrieval reduces fuel consumption by around 5%, which results in a 1% reduction
in climate impact. Additionally, the reduced thrust settings due to wake energy retrieval lower NOy
emission indices, leading to a 10% reduction in NOy emissions. The most significant reduction in climate
impact comes from contrails, as the two contrails formed during formation flights compete for water
vapor, inhibiting their growth. Consequently, contrail ice mass and total extinction are significantly smaller
than those from two separate aircraft and contrails (Unterstrasser 2020).
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Figure 5. (a) Relative change in fuel consumption, NOx emissions and flown distances for leader, follower and the
total formation for the Top50 scenario compared to the reference case where both aircraft fly not in formation. (b)
Change in total climate impact and climate impact of the different species relative to the change in total climate
impact. The bars indicate the 25% and 50% percentile and the whiskers indicate the 95% confidence interval of the
different formations in one data set (Dahlmann et al. 2020).

Using daily weather data in trajectory optimization can reduce climate impact by avoiding climate-
sensitive regions. These regions were identified using a Lagrangian simulation approach, which tracks
individual air parcels and quantifies the climate impact of aviation emissions for CO,, H,0O, NO,, and
contrails (Grewe et al. 2014). The results show a patchy pattern for contrails (Fromming et al. 2021) and a
clear relationship between NOx and H;O climate impacts and meteorological data such as geopotential,
temperature, and tropopause altitudes (Fromming et al. 2021; Maruhashi et al. 2022). Rosanka et al.
(2020) demonstrated that the climate impact of local NOx emissions leads to a large and early ozone
increase when transported to lower latitudes, whereas the ozone gain is smaller and later if the air parcel
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remains at mid-latitudes. This data was used to optimize North Atlantic flights, resulting in a climate impact
reduction of around 15% at a cost of less than 1% of cash operating costs, which could be mitigated by
including non-CO; effects in a market-based measure (Grewe et al., 2017).

The clear relation of the climate sensitive regions with meteorology lead to the development of the
algorithmic climate change functions (aCCFs) (Dietmiiller et al. 2023; van Manen and Grewe 2019;
Matthes et al. 2021; Yin et al. 2023)that enable the inclusion into weather forecast models and thereby
enables the information flow of climate sensitive regions to air traffic service providers. Matthes et al.
(2017) provided a road map that indicates the steps required before those approaches can be used
operationally. It also includes a validation or verification approach. First steps were undertaken in this
respect by Sausen et al. (2023) who provided a statistical analysis for an avoidance of contrail experiment
with in the Maastricht Upper Area Control (MUAC) airspace, and by Rao et al. (2022) and Yin et al. (2023)
who provided a verification of NOx-ozone aCCFs within a modelling framework. However, all such
optimization efforts rely on meteorological data being proven to be sufficiently accurate.

Reducing impacts on air quality

The primary means of reducing the impacts of aviation emissions on boundary layer air quality would be
through reduction in NO4 and particle emissions, the former because of its importance in ozone production
and the latter because of its direct effects on human and ecosystem health. NOx emissions are a result of
high temperature combustion in air (where atmospheric nitrogen and oxygen react to form NOy) and is
largely dependent on engine design choices (e.g., high cycle pressure ratio for efficiency). Various analyses
(Lee et al. 2023) indicate that the choice of fuels by the chemical formulation of aviation fuel to reduce
aromatics could significantly reduce particle emissions. In particular, increased uptake of SAFs (and an
associated decrease in fossil CO, emissions and potential decrease in soot emissions) may allow engine
designers to focus design efforts on reducing NOy emissions (Lee et al. 2023). The possible role of venting
of engine oil for its contribution to volatile particle emissions, depending on the design of the engine and
the engine venting mechanism, also needs to be better understood.

4. INTERDEPENDENCIES AND TRADE-OFFS IN
MITIGATING AIR QUALITY AND CLIMATE IM-
PACTS

As aircraft technology improves, there are strong incentives to decrease emissions and other
environmental impacts, and these improvements are often used to mitigate air quality and climate
impacts. However, trade-offs occur when multiple environmentally harmful emission components
respond in opposite directions to an engine/aircraft design change. For instance, if fuel burn were to be
optimized with no constraints, the NOx emissions would increase significantly due to higher combustor
temperatures and pressures. Thus, there are trade-offs between these competing components when
revising an engine/aircraft design. The impact of such a trade depends on both the technological trade
(that is, the magnitude of each emissions change) and how the environmental impacts from those
emissions changes are valued.

NO regulations have been in place for decades and NO, emissions continue to be a major engine design
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parameter. Fuel burn has always been a key design criterion for aircraft and has recently been further
emphasized with a CO; regulatory requirement. For these reasons, most work to date to understand air
quality/climate trade-offs has been done for NO,/CO,. There are also trade-offs between non-volatile
Particulate Matter (nvPM) emissions and NOy emissions. Compared to NO,/CO, trade-offs, little work is
available for nvPM/NO,, due to the complexities of the NOx and nvPM dependences on combustion
processes. As a result, nvPM/NO trade-off evaluations performed so far have not been quantitative nor
detailed.

NO,/CO2 trades

When analysing the trade-off between NOx and CO, emissions, the largest factors in evaluating the
environmental impacts are the effects of CO, on climate and of NOx on air quality. For the complete
analysis, additional terms are included (such as NO impacts on climate), but those first two terms are the
dominant ones. Considering climate impacts alone, studies by Freeman et al. (2018) and Skowron et al.
(2021) have found that reductions in aviation NOx emissions do not provide clear climate benefits if these
reductions are achieved using design changes that increase CO, emissions. To compare air quality and
climate impacts on a common basis, Grobler et al. (2019) monetized climate damages and air quality
health impacts from aviation emissions. They found environmental costs of $45 per tonne CO; (2015 USD;
90% Cl: 7 —120) and $22,000 per tonne NOy (90% Cl: 2,500 — 71,000). Using updated meta-studies on the
social cost of carbon (Howard and Sterner 2017; Rennert et al. 2022) and the health impacts of ozone and
PM,s exposure (Turner et al. 2016; Burnett et al. 2018; Quadros et al. 2020), the monetized damages
increase to $113 —168 per tonne CO, and $48,000 per tonne NO. In addition to relatively large
uncertainties, monetized damages also vary depending on policy preferences for weighing impacts in the
future, expressed in terms of the discount rate (DR). Air quality health impacts, which are relatively near-
term, are nearly independent of DR, while impacts from long-lived climate forcers like CO; increase from
$45/tonne to $95/tonne when considering a 2% DR instead of a 3% DR (Grobler et al. 2019) (Fig. 6).

Assuming the use of fossil-derived jet fuel with CORSIA-default lifecycle emissions, the monetized damages
noted above can be used to estimate the amount of NOx emissions that have the same monetized impact
as the CO, emissions from 1 kg of fuel burn. Using the original damages from Grobler et al. (2019) this is
7.8 g NO,/kg fuel, or 8.9 — 13.3 g NO/kg fuel using the updated impact estimates. For an engine with the
global-average NOx Emission Index (El) of 15 g/kg (Skowron et al. 2021), these ratios suggest that a design
change that reduces absolute NOy emissions by 1% while increasing fuel burn by less than 1.1 -1.9%
would be net environmentally beneficial. The use of increasing quantities of SAFs with lower lifecycle CO;
emissions would tend to suggest that even larger increases in fuel burn could be environmentally justified
in favour of NOx reductions. Miller et al. (2022) suggest the use of a “social cost of engine operation” which
includes marginal fuel production costs as well air quality and climate costs, an approach which then
accounts for the additional costs and production limitations of SAFs in comparison to fossil jet fuel.
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Figure 6. Full flight climate and social costs (2015 USD/tonne of fuel) due to climate impacts and air quality impacts,
showing contributions from all identified emissions contributions: CO,, contrails, NOy, sulfur, and any other
contributions. Adapted from (Grobler et al. 2019).

Different mitigation options have distinct effects on fuel burn/CO, and NOx emissions. The Independent
Experts Integrated Review (IEIR) Panel (Cumpsty et al. 2019) stated that trade-offs associated with
minimizing NOx emissions through combustor technology, at a fixed Overall Pressure Ratio (OPR) and Tao,
are assumed to be less than a 0.5% increase in fuel burn/CO, emissions. The ICAO Engine Emissions Data
Bank (EEDB) shows that NOx Els for engines with similar OPR have decreased by 40 — 60% over the past
three decades, highlighting the advances made in combustor technology. However, further improvements
via this route are likely to be more difficult than those attained already. Several studies in the literature
have modelled the trade-off between NOx and CO, with changes in OPR, finding fuel burn increases of
0.04% to 0.31% per percentage point reduction in NOx, with the trade-off increasing as OPR decreases
from its fuel burn optimum (Guynn et al. 2009; Thoma, Grénstedt, and Zhao 2020; Dinc 2021). Other
engine technology improvements, such as increases in compressor efficiency, can reduce both the NOy
Emissions Index (El) and CO,, compounding the reduction in total NOy (Dinc 2021) while technologies that
reduce weight or improve aerodynamics will provide equal reductions in NOx and CO..

By making the NOy limit a function of OPR, the current CAEP/8 LTO NOy standard allows engine designers
to select OPR to meet design goals of their choice, with little need to consider the resulting NOx emissions.
Guynn et al. (2009) estimated that an increase in OPR from 26.7 to 34.6 reduced block fuel burn by 6%
and increased total NOy by 27%, while the CAEP/8 limit increases by 36% over this OPR range for engines
with rated thrust greater than 89 kN. The higher OPR engine would have an increased margin to the
CAEP/8 limit despite having 13 — 17% higher environmental impacts based on the valuations described
above. Miller et al. (2022) derived formulations of the NOy limit as a function of OPR that would make
social costs independent of OPR, and also noted the alternative option of defining a NOy standard using
fuel consumption as a parameter directly instead of OPR as a means of minimizing the variation in social
cost at different OPR.

19



nvPM/NOx trades

Both NOx and nvPM have air quality impacts, though these impacts occur at different scales: nvPM has
local impacts, while NOx has local to hemispheric impacts. Both have climate impacts: NOx has multiple
climate impact pathways (see Section 1) while nvPM emissions’ largest global impacts are estimated to be
through the contrails associated with nvPM emissions. No general quantitative trade-offs between nvPM
and NOy can be prescribed since the relative emissions amounts are highly technology dependent. That
is to say, the nvPM/NOy trade-off is different for Rich-Quick Quench Lean (RQL) combustors vs advanced
RQL vs staged lean burn engine designs, so simple expressions for nvPM/NOy trade-offs cannot be readily
calculated since they are very sensitive to the geometric and flow field details of the combustor design in
guestion (Cumpsty et al. 2019).

Relationship to aviation sector trends and future technologies

Industry and the scientific community have been investing substantial effort to be able to promote the
aviation system to a better level of performance as well as minimizing negative impacts on the
environment. Some of the main technology advances related to this effort include sustainable alternative
fuels, new propulsion systems (electric, hydrogen, hybrid), unconventional airframe design, each of which
is expected to have various contribution to overreach the goals. For instance, the IATA (International Air
Transport Association) projects SAFs contribution in CO, reduction to reach net-zero in 2050 could be 65%
IATA (2021). In addition, there has been significant momentum in the development of aircraft with
electrified propulsion units, along with electrified Vertical Take-off and Landing (eVTOL) technologies.
Hydrogen powered engines / fuel cells have also been receiving great interest. Furthermore, these
strategies appear to accelerate the studies on unconventional airframes, which have been long been a
subject of research interest.

On the other hand, despite the improvement in performance as well as emission impact with each
generation of aircraft, forcing an aircraft to execute an indeterminate holding in the terminal manoeuvre
area or vertical inefficiencies (e.g., stair step descent) due mainly to congestion, or other factors diverting
the aircraft from efficient routes (e.g. restricted areas) and creating horizontal inefficiencies, could negate
a considerable portion of the benefits one would expect to gain. Therefore, considering also the growth in
aviation (despite the fluctuations), without reaching a highly efficient air traffic management system,
(while the safety has the overriding priority), perhaps it will be challenging to achieve expected gains with
all those advancements in aircraft technologies.

CONCLUSION

A comprehensive approach is needed to address the total climate impact of aviation, but this poses several
challenges as it must address both short-lived climate forcers and long-lived greenhouse gases: some of
the impacts are cooling or warming effects, while others have both warming and cooling components
acting at various time scales. Despite the growth in knowledge over the last few decades, there is still a
lack of confidence in recommending definitive strategic action on aviation's non-CO, emissions for climate
change mitigation. This is largely because the climate impact of aviation's non-CO, emissions remains
highly uncertain. This is in contrast to the impact of CO,, which is well understood. Recent studies suggest
that the sign of the net NOy radiative forcing could even change from positive to negative if indirect aerosol
effects or changing future atmospheric background conditions are considered. The net direct aviation-
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aerosol radiative forcing is also estimated to be negative because of the dominant cooling effect of
sulphates and, to a lesser extent, nitrates over the warming effect of soot. However, aerosols can also
interact with low- and high-level clouds and these indirect climate effects remain highly uncertain in both
sign and magnitude. The specific aspect of climate change (short-term or long-term, etc.) and therefore
the choice of an appropriate climate metric used to quantify the climate impact of aviation non-CO,
emissions, and even the attribution method used to determine their relative contribution to the overall
climate impact of aviation, also affect the estimate of the climate impact of aviation non-CO, emissions
and are the subject of active scientific research.

Aviation emissions contribute to air quality degradation by increasing near-surface concentrations of
harmful pollutants, both through direct emissions of these pollutants (e.g. ultrafine particulate matter)
and through the emission of precursor pollutants (e.g. ozone formed as a result of aircraft NOy emissions).
The impact of aviation emissions on air quality is now understood to include both global effects resulting
from emissions during flight and local to regional effects resulting from emissions in the vicinity of airports.
There is growing evidence that the increase in aviation air pollution at the hemispheric scale is largely
associated with cruise emissions and further redistribution to the surface through atmospheric transport.
The exception is exposure to nvPM, which is mostly from local sources, but accounts for less than 1% of
population exposure to PM2.5 from aviation and is irrelevant to ozone impacts. Aircraft emissions during
the LTO phase have also been shown to cause health effects through exposure to NO, concentrations.
Given the increasing importance of NO, from aircraft emissions to public health, it is important to have a
better characterisation of aircraft plumes around airports to better investigate local air quality where NO,
may be of concern.

There are a significant number of technologies and aircraft operations, at varying levels of maturity, that
can be used to achieve reductions in both fuel consumption and environmentally harmful emissions.
Where these technologies and design choices involve trade-offs between multiple concerns, monetisation
of environmental impacts maybe be one solution to provide a means of comparing technologies and
identifying environmentally beneficial solutions. However, it should be kept in mind that the monetisation
metric relies on strong assumptions related to cost damage estimates or to geographical inhomogeneities
not easy to account for to derive a robust global metric. Such environmental analyses can also be used to
evaluate trade-offs that are implicit in emission standards, or to inform how they could be explicitly
accounted for. In the former case, it may be necessary to update the form of a standard as different
technologies become available. In the latter case, the quantification of trade-offs should be periodically
reassessed as scientific understanding of the climate and air quality impacts of aviation improves, and
monetisation of these impacts is refined.
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LIST OF ABBREVIATIONS

aCFF
AGWP
ATR
CAEP
CORSIA
DR
EEDB
El
ERF
GHG
GTP
GWP
HEA
IATA
ICAO
IEIR
IPCC
ISG
ISO
LB
LES
LTO
MUAC
NOy
OH
OPR
PNC
RF
RQL
SAF
SCC
SO\
SWv
TRL
UFP

CAEP ISG AIRCRAFT AIR QUALITY AND CLIMATE IMPACTS INTERDEPENDENCIES AND TRADE-OFFS OF AVIATION EMIS-

SIONS

Algorithmic Climate Change Functions
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