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The aviation industry is a major sector of the global economy, with almost $1 trillion in revenue in
2024.1 After a steep decline during the COVID pandemic, airline traffic returned to pre-COVID levels
in 2024.23 The sector has consistently grown faster than the global economy, with an average annual
growth rate of 5% over the past 30 years.*

CO; emissions from the aviation sector were
approximately 800 Mt in 2022, roughly 80% of
pre-pandemic levels.> Emissions from aviation
grew faster over recent decades than emissions
from shipping, road or rail.> Member states of the
International Civil Aviation Organization (ICAQ)
have adopted an aspirational goal of achieving
net-zero carbon emissions by 2050.% In addition to
COy, the industry is paying increasing attention to
non-CO, impacts, including NOx and methane
(CH4) emissions. This also includes persistent
contrails.”® While significant uncertainties remain, there is growing scientific consensus that aviation

contrails result in an equivalent or greater amount of climate radiative forcing as that caused by
aviation CO; emissions, making contrails a particularly important area of focus for mitigation
efforts.>10

The aviation industry is no stranger to artificial intelligence (Al) and has adopted Al in many areas.
However, these uses of Al have primarily focused on areas such as customer satisfaction and cost
reduction.'2 Specific uses of Al for emissions mitigation are relatively recent and limited in
comparison, but they are growing and may have a significant impact in the future.

A. Use of Al For Emissions Mitigation In Commercial Aviation

i. Improving aircraft design

Aviation’s CO, emissions are overwhelmingly driven by burning fossil-derived aviation fuel in jet
engines. The fuel efficiency of new commercial jet aircraft has steadily improved over the past four
decades (see Figure 7-1), but Al can help to continue this trend. One key approach is using
Al/machine learning (ML) methods to enhance computational modeling of jet engine combustion
physics and chemistry, potentially enabling engine designs with improved combustion efficiency.
Similar Al/ML techniques can also improve modeling of the advanced methods used to cool critical
jet engine components (partly replacing the need for intensive computational fluid dynamics (CFD)
calculations). This can enable development of designs that better balance fuel efficiency with engine
longevity.'* A related challenge in jet engine design is efficiently predicting the performance of novel
engine concepts—designed by humans or Al systems—without expensive physical testing. Al/ML
methods have been used to rapidly develop these performance assessments for next-generation
turbofan concepts, accelerating the ability of aerospace design teams to efficiently iterate through
novel designs.t>
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Figure 7-1. Improvement in fuel efficiency of new commercial jet aircraft, 1980-2020. Credit: The International
Council on Clean Transportation.?!

While engine efficiency is a crucial component of overall aircraft fuel efficiency, the shape of
components, such as wings, fuselage and engine nacelles, can also have a major impact by reducing
drag. Al/ML methods can help with aerodynamic shape optimization problems, such as designing
highly efficient airfoil (wing) shapes that provide high lift and low drag and designing optimal engine
nacelles to reduce drag.'6'8, The design cycle for aircraft traditionally includes computational
simulations that look at how both component shape and turbulent airflow (which often occurs
during take-off/landing and in some atmospheric conditions) would affect lift and drag, prior to
performing expensive physical testing in a wind tunnel. Conventional CFD methods are accurate but
extremely compute-intensive/costly.
Al/ML methods can dramatically
reduce the computational
requirements for modeling turbulent
(highly complex) flows*>?% and the
lift and drag of different component
designs, arriving at equivalent
solutions more quickly and easily.
This allows much more
experimentation and iterative
design-test cycles.
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The structural materials used in aircraft, such as aluminum alloys, must meet high performance
specifications because they are subject to high stresses under flight conditions. Understanding these
stresses quantitatively is challenging. Al/ML
methods can increasingly be used to calculate
stresses/loads throughout an aircraft during
flight and to predict the performance of various
alloys used in aircraft construction.?? The
primary use of this method is to ensure aircraft
safety, but it could potentially lead to the use of
lighter-weight materials and/or novel designs
that reduce the total amount of structural
materials required, reducing aircraft weight and
thus improving fuel efficiency.

ii. Optimizing air operations

Another approach to minimizing emissions from aviation is to optimize the use of the existing aircraft
fleet, matching specific aircraft to specific routes and passenger demand as efficiently as possible. A
closely related issue is ensuring optimal airport operations, given changing wind conditions, impacts
of weather at other airports, and constrained runway count. Al/ML methods have been tested as
part of the pre-planning phase of air operations, helping assess demand-capacity balancing for
various runway configurations for US airports.?> NASA and the US Federal Aviation Administration
(FAA) have begun implementing an Al/ML-based air traffic management planning tool (the
Collaborative Digital Departure Reroute tool) that can improve projections of runway availability and
reduce on-tarmac airplane idling time.?* Carriers such as Alaska Airlines and SWISS have begun using
Al/ML-based systems to optimize real-time flight route planning and general flight operations.?>26
Other carriers, including TUI Airlines, have begun using Al/ML methods calibrated to individual
aircraft to develop customized climb rates and speed profiles for lift-off and climb phases of a flight,
helping reduce unnecessary fuel burn.?’

iii. Reducing aviation-induced contrails

When aircraft fly through regions of the atmosphere
that are particularly cold, they can form
condensation trails (“contrails”), which are
essentially artificially induced cirrus clouds. Under
specific meteorological conditions, these contrails
can persist for many hours and can spread, resulting
in a net climate warming effect by blocking thermal
radiation (heat) that would otherwise radiate out
into space. This effect is quite large, roughly the
same as warming effects from the CO; emitted by
burning jet fuel, although uncertainties remain.81°
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Projections for contrail radiative forcing in future years are uncertain but could rise significantly,
given increased air traffic and an overall shift in flight altitudes.?®

One method for reducing this warming effect is
“navigational avoidance,” which involves
predicting where contrail-forming
meteorological conditions will occur before or
during specific flights and then redirecting
aircraft to different altitudes to avoid those
atmospheric regions. (Because only a small
fraction of flights generates contrails, the use of
this method would be limited to a small number
of flights annually.) The majority of contrail
radiative forcing can be avoided with
navigational changes that add only ~0.1%
additional cost and fuel burn.2°:30

Research is underway to evaluate the use of
advanced conventional algorithms and remote
sensing imagery to predict where contrail-
forming regions will occur. This would support
navigational avoidance (Fig. 7-2). However,
Al/ML methods may be able to improve on the
performance of these conventional algorithmes,
particularly by leveraging Al-enabled
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Figure 7-2. False-color image of aviation-induced
contrails in the Gulf of Mexico, derived from GOES-16
imagery. Red circles are major airports (MSY, TPA,
CUN) and contrails appear as thin, dark-blue lines
between them. (Credit: Colin McCormick).

improvements in meteorological forecasting. Al/ML methods have already been developed that can
detect contrails in satellite imagery, as well as estimate their altitude, using a variety of deep learning
methods.3133 Data pipelines based on these methods of detecting contrails can form the basis of
validation systems to confirm in near-real-time whether a particular flight successfully avoided
forming a contrail, in some cases leveraging aircraft position data via Automatic Dependent

Surveillance-Broadcast (ADS-B).343>

Google, Breakthrough Energy and American Airlines recently collaborated to demonstrate Al-based
contrail navigational avoidance in a series of 70 test flights, confirming the ability of this approach to
avoid contrail formation at a very low cost.3®37 Because contrail navigational avoidance is entirely an
operational change—there are no capital costs for modified equipment or new supply chain
requirements—it has the potential to be implemented extremely rapidly.

iv. Advancing Sustainable Aviation Fuel (SAF)

A key strategy for decarbonizing aviation is adopting sustainable aviation fuel (SAF), a (mostly) drop-
in replacement fuel for aviation kerosene that is based on non-petroleum feedstocks. As the industry
assesses novel chemical compositions of various types of SAF, Al/ML methods can be used to predict
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key physicochemical properties, such as flash point, density and heat capacity, to identify specific
fuel blends that have high enough technical potential for synthesis and physical testing.383° One
important barrier to using SAF in conventional aviation fuel systems is the presence of nitrile O-ring
seals in many fuel lines, which are designed to swell in the presence of specific conventional jet fuel
components. This issue has led to a 50% blend limit of SAF in most current aircraft.*® However, Al/ML
methods have been used to better understand how different O-ring materials would swell in the
presence of various different compositions of SAF, potentially helping resolve this issue and
eliminating the need for the blend limit.4142

B. Barriers

The multiple regulatory frameworks and
industry standards in commercial
aviation are a potential barrier to Al/ML
adoption. These frameworks have been
developed to ensure safety throughout
the process of aircraft design,
manufacture and operations and are
updated on timescales that tend to be
significantly slower than the rapid pace
of advances in Al/ML. If key regulations
do not keep up with advances in Al,
they may slow the industry’s ability to
adopt these emerging technologies.

Another potential barrier is a lack of technical familiarity with modern Al/ML methods within key
regulatory agencies, such as the US FAA, the European Union Aviation Safety Agency (EASA) and the
Japan Civil Aviation Bureau (JCAB). These agencies may lack staff capacity to assess emerging Al/ML
methods, as well as the resources to train existing staff or hire new talent.

Encouragingly, some of these regulators have begun actively considering how Al/ML can be used
within aviation through roadmaps*® and webinars.** The work to date has principally focused on
safety, which is appropriate given their core mandates.*> However, if regulators focus exclusively on
Al/ML safety issues, this may obscure or preclude consideration of opportunities for emissions
reductions, creating an additional barrier to their use in this context.

C. Risks

As with all aerospace design processes, any novel designs for engines, airframe components or
structural materials that are developed by Al must be rigorously tested to meet safety criteria.
However, if Al/ML methods identify highly novel designs or configurations, it may be challenging to
fully test them within existing protocols. If these protocols are not appropriately updated to
accommodate an expanded range of designs that may result from Al/ML methods, this could create
safety risks.
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When using Al for planning and operations, an Al model may identify highly efficient solutions that
have less available margin for error than current operational strategies (for example, very tight
timing for aircraft turn-around or runway reconfiguration). These solutions could make the overall
system more “brittle” or vulnerable to any unanticipated disruptions. Minimizing the effects of these
disruptions and fully recovering from them may therefore be more difficult in scenarios in which air
operations are guided by Al/ML models.

The use of Al in real-time operations may also introduce cybersecurity risks because of increased
complexity in the data systems used.*® This is a similar challenge to that encountered when using Al
in other industries, in the context of real-time decision making for physical assets. Improved testing
and cybersecurity response protocols are likely needed to manage this risk.
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1. National governments should expand public research and development (R&D) funding for

applying Al/ML methods to aircraft design, engine design and aircraft operations, with a focus on
improving fuel efficiency, enabling the use of SAF, and reducing non-CO; impacts (including
contrails). To ensure this funding targets priority areas, the relevant funding ministries should
enhance the Al/ML expertise of program management staff through training and/or hiring.

2. Aviation technical societies, associations and standards development organizations should expand

technical resources available for Al/ML-enabled aircraft design and operations, including
developing benchmark datasets, releasing sample algorithms and publishing standard
performance metrics.

3. National governments should increase the coverage and quality of publicly available

meteorological data (temperature, pressure, humidity) in commonly traveled air spaces to enable
improved modeling of the non-CO; climate impacts of aviation, including contrail formation.

4. National governments, philanthropy and private companies should collaborate to improve the

state of the art on digital modeling of atmospheric contrail formation by aircraft, including use of
advanced Al/ML techniques. High-quality models should be made publicly available.

5. National governments should require all commercial and private aircraft to track and report non-

CO; impacts, including contrail formation. This should be through public-facing data portals or
similar methods that minimize the burden of data collection and computation on the private
actors covered by these requirements. Aggregated results should be publicly released.

6. Carbon accounting bodies should update accounting rules to include the full set of climate

impacts of aviation, including contrails. Private companies with aviation-based supply chains

should adopt the use of these updated rules in measuring supply chain greenhouse gas (GHG)
emissions.

7. National governments should ensure that the reqgulatory frameworks for approving novel aircraft

and engine design are compatible with using Al/ML methods and should update them accordingly
if necessary. Aviation regulatory bodies should collaborate directly on these topics to ensure that
regulations are harmonized as much as possible across national borders.
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