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Global demand for aviation is expected to double by 2050. This is set against the need to cut aviation CO3
emissions from 1 GtCO; pa today to net zero over the same period. Using the UK aviation market as a proxy for
the global market, we apply a Robust Decision Making (RDM) to develop integrative insights within a single
analytical paradigm than discrete orthodox decision support analysis.

This approach is justified based on a critical examination of the sector characteristics and the divergent short-
term motivations of aviation actors as a case of deep uncertainty. RDM explicitly embraces deep uncertainty
across a number of metrics which allows multiple values and diversity among stakeholders and viewpoints, and
in which modelling can exist in an iterative exchange with policy development rather than separate from it. This
approach has particularly highlighted the critical significance of asset stranding, the oligopolistic structure in
aerospace manufacturers and fuel suppliers, alongside the monopsonies in airlines, as current barriers to progress
within a single integrative analytical paradigm.

This contribution highlights the need for the application of exploratory and interdisciplinary approaches to
aviation decarbonisation transitions analysis to better inform aviation sector net zero strategies. It can improve
the interdisciplinarity of analysis across technology, policy, and finance, and explore the extent of uncertainty so
that robust strategies can be designed as well as generate insight into systematic upstream requirements.

1. Introduction aviation's other environmental impacts. Latest data from the Interna-

tional Energy Agency (IEA) shows global aviation is not on track for net

Aviation is integral to fulfilling societies' need to travel and do
business. Globally in 2023, 4.4 billion passengers were carried by the
world's airlines along with over 61 million tonnes of cargo [1]. In the
future demand for aviation is expected to grow further, to handle around
10 billion passengers globally in 2050 [2]. Aviation also makes a sig-
nificant contribution to economic activity. If global aviation were a
country it would rank 20th by gross domestic product (GDP) in the
world - generating $1.1 trillion direct, and $4.1 trillion cumulative, GDP
in 2023 [1].

This growing demand for air travel is set against the need to reduce
aviation's impact on climate change by cutting aviation greenhouse gas
(GHG) emissions to net zero by 2050 and significantly reducing
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zero, generating 950Mt CO; in 2023, having grown faster between 2000
and 2019 than rail, road or shipping. This is primarily driven by demand
growth, which was around three times higher than fuel efficiency im-
provements between 2010 and 2019 [3]. Within the energy transition
required to address the worst impacts of climate change the sector is
considered a “hard to abate” sector [4-7]. As a “hard to abate” sector it is
coming under increasing scrutiny about its pathway to net zero and the
new technologies this will require [8]. This requires taking these nascent
technologies to an industrial scale - the combination, timing and
application of which is subject to substantial complexity and uncertainty
[9]. It is anticipated to cumulatively cost the industry around $5 trillion
globally with a forecast cost of €1.3 trillion across Europe [10]. Failure
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to achieve such a pathway could result in the sector accounting for an
increasing proportion of global emissions.”

High capital intensities and a recent history of incremental tech-
nology change within the sector has created a barrier to achieving net
zero [12] [13]. On the one hand the suppliers - airframes, engines and
fuel - exist in an oligopolistic structure with long investment cycles.
These suppliers are keen to maintain status quo to maximise their asset
value and returns on investment. On the other hand, low margin mo-
nopsony airlines don't have the financial appetite to fund material risks
on scaling new technologies. Alongside this, airports, financing com-
panies and fuel providers, whilst being critical enablers for aviation
activity, are subject to different business incentives and investment cy-
cles and are also often excluded from current aviation decarbonisation
analysis. This market structure and culture represents a highly complex,
high dimensional, decision-making space where the chain of re-
sponsibility for systemic change is unclear. The primary decarbonisation
focus to date has been around the next generation airplanes, switch to
lower carbon intensive fuel - collectively referred by the industry as
sustainable aviation fuel, and more efficient flight operations. However,
definitive plans and supporting policies to take these technologies to
industrial maturity remain elusive. Therefore, to meet the challenge of
net zero requires significant structural changes for all parts of the
aviation ecosystem, beyond implementation of new technologies.

Traditional whole systems cost optimised policy decision support
tools such as Integrated Assessment Models which cover global energy
system e.g., GCAM,"> DICE" etc. and National models, e.g. UK TIMES,’
dominate the orthodox policy toolkit for decision makers. This paper
hypotheses that these tools are unable to manage the extent of
complexity inherent to aviation sector decarbonisation, particularly
from the perspective of firm-level strategic investment decision making
[14]. Assessing these perspectives is fraught with uncertainty that they
can be considered deep i.e., there are factors still unknown to decision-
makers, as there is a lack of reliable historical precedent, and data
needed for future projections would be considered unreliable to allow
quantification of risk [15]. This in turn makes the application of opti-
misation approaches to assess the impact of policy interventions on
strategic investment inappropriate. The orthodox policy tools are also
anchored in neoclassic economic assumptions i.e., that the resources of
firms are mobile, that their foresight is perfect, and that they are profit
maximisers which could not be more divorced from actual aviation
sector characteristics. This makes policy design for specific interventions
to stimulate firms in the aviation industry to allocate resources to rapidly
decarbonise the sector problematical. This is amplified within semi-
liberalised competitive markets that the aviation sector operates.
Finally, such tools tend to hide the uncertainties and multiple trade-offs,
which disguises the complexity of the issue and the ability to engage
stakeholders. This approach tends to isolate the analysis process to
analytical and policy communities with stakeholders only engaged at
the end of the analytical process. When encountering such complexity,
the need to engage and incorporate values-based input from a range of
stakeholders and audiences as part of the process in the interests of full
transparency is fundamental to ensuring an enhanced likelihood of
strategies to be successfully implementable by policymakers.

This analysis makes the case that there is a need for an overarching
integrative analytical paradigm to bring together insights from discrete

2 potential future proportion of global emissions = aviation emissions
without actions taken to address [9] / total global emissions in 2050 (APS IEA
scenario [11]) = 1.9 GtCO2 / 16 GTCO2 = 11.9 %

3 Global Change Analysis Model - https://gcims.pnnl.gov/modeling/gcam
-global-change-analysis-model

4 Dynamic Integrated Climate-Economy model - https://www.i2am-paris.
eu/detailed_model_doc/dice

5 UK TIMES - https://www.ucl.ac.uk/energy-models/user/login?destination
=node/31
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orthodox analysis as well as integrate the more systematic perspectives
as to uncertainty across technology, policy and finance sectors which has
resulted in decision-making which is islanded taking place in discrete
silos within relevant communities. Such a framing has inhibited the
ability for more interdisciplinary approaches which can better identify
possible vulnerabilities. For example, in other sectors, loss of value has
both been identified and actually materialised through the creation of
stranded assets [16]. An interdisciplinary analysis would therefore likely
provide the following additional insights:

1. The characteristics of the aviation sector and its need to rapidly
decarbonise makes it potentially exposed to substantial value and
asset stranding. Stranding is expected to be seen in industries which
are “enormous sunk investments, long operating lifetimes, systemic path
dependency, complementary capital investments, and deep embedding in
society” and is further accentuated in fast-changing environments
[17]; and

2. Potential stranding risk promotes the creation of carbon lock-ins
whereby the owners of existing assets act as inhibitors on the move
to decarbonise to protect invested monies [18].

Unpacking these potential issues allows policymakers to design in-
terventions to address this where it is considered warranted.
The remainder of this paper is split into four distinct sections.

e The next outlines the Robust Decision-Making exploratory approach
and stranded asset analysis.

Section 3 unpacks the characteristics of the aviation sector that jus-
tifies the deep uncertainty pervasive in the sector. It then assesses the
types of policies that have been proposed or enacted to drive sectoral
decarbonisation. Demonstration that orthodox decision analysis is
incapable of working with the extent of deep uncertainty and dis-
torting policy design is then made.

Section 4 covers the systemic vulnerabilities to which the aviation
sector is exposed, inadequacies of present decarbonisation policy and
pervasive extent of asset stranding. Section 5 concludes.

It is hoped that by identifying systemic vulnerability, including asset
stranding, from the application of an integrative exploratory approach
can justify the introduction of these methods to catalyse greater inter-
disciplinary analysis of aviation sector decision support. This is justified
because only then will the analysis be able to provide policymakers with
the relevant insights to assist the aviation sector to realise net zero in a
manner that doesn't destroy value for the UK and the wider aviation
industry.

2. Research methodology adopted

The approach taken in this paper is to first define the characteristics
of the aviation sector and the decision analysis used to engage their
stakeholders (see Section 3). It then explores how Robust Decision
Making (RDM) could bring multiple decision making tool outputs,
together with technology, policy, and finance stakeholders, to generate
systemic interdisciplinary insights that can improve the quality and
effectiveness of aviation meeting net zero by 2050.

Specifically, our contribution applies: 1) an exploratory approach,
specifically RDM, to address the complexity of the aviation sector
decarbonisation [19], and 2) an analysis of the role of firm-level deci-
sion-making in the aviation sector to assess the impact of decarbon-
isation on asset values across the value chain. We selected the UK
aviation market to study these questions for the following reasons.

e The UK was the first aviation industry wide group [20] and gov-
ernment [21] to commit to net zero emissions by 2050. Conse-
quently, the UK has had a longer time to explore the range of
technology-based solutions and other approaches to meet net zero.
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This experience and knowledge was determined as the most valuable
source of information for this research. Given both the European
[22] and global aviation [2] markets, and the United Nations Inter-
national Civil Aviation Organization (ICAO) [23], have all adopted
the same approach, developed in the UK, it is reasonable to assume
that findings from this research will be scalable beyond the UK.

In terms of scale, the UK aviation market is expected to grow by
around 70 % by 2050 [21]. In 2023, the UK air transport and aero-
space sectors (collectively the aviation sector) directly employed
around 230,000 people and contributed around £20 billion to the
UK's gross domestic product (GDP), facilitating 276 million passen-
ger journeys [24,25]. On emissions, the UK has a significant exposure
to aviation which generates 8 % of UK emissions [26], compared to a
global average of 1-2 % [9].

To reduce the range of technological assessment we limit the scope of
analysis to the UK narrowbody plane segment. It represents nearly half
of the UK air fleet, both airframes at 54 % and emissions at 46 % [27],
and is a rapidly growing part of the global fleet - with a 43 % increase
anticipated over the next 10 years [28]. Furthermore, there is a signif-
icant lack of consensus as to the narrow-bodied fleet's decarbonisation
technology pathway - which isn't the case with other types of planes;
both hydrogen and SAF are being considered.

2.1. Exploratory approaches — robust decision making

Given the pervasive deep uncertainty to which the aviation sector is
subjected, which will be explored further in section 3, it is considered
necessary to adopt decision making approaches to decarbonisation
strategies which are assessed according to their ability to accommodate
deep or disruptive uncertainties, as well as the ability to accommodate
multi-objective policy design beyond least cost. This is the core idea
behind the exploratory Robust Decision-Making (RDM) modelling
approach applied in the analysis undertaken in this contribution. RDM
uses an iterative approach, refining scenarios and models with the input
of industry participants which is defined by the following underpinning
concepts:

e Consider multiple possible futures: The collection of future sce-
narios — comprising different combinations of uncertainties exoge-
nous to investment decision making — should be as diverse as possible
to thoroughly stress test proposed policy packages.

e Seek strategies that are robust rather than optimal: Robust
strategies perform well and are able to survive across a wide range of
possible futures.

e Use novel computer visualisations: Used to facilitate values-based
participatory deliberation and multiple stakeholder perspectives.

In this study iteration takes place between the scenario development
and the possible policy response identification. This identifies policies
that will provide the most robust results against the competing objec-
tives of the aviation sector - decarbonisation, revenue raising, energy
security etc. Fig. 1 presents the overall approach employed in this
research, linking the model development (LHS) with the external
engagement and strategy assessment (RHS) and the iteration between
them prior to the development of policies.

Policy recommendations can be formulated based on multi-variable
outcomes derived from a refined model, leveraging scenarios developed
through the RDM approach. The model will combine existing industry
models (e.g. the Aerospace Technology Institute (ATI)° fleet model) and
approaches to understanding how assets react to changing policy and

S The ATI is a UK not-for-profit organization funded by the UK government
which provides tools, funding, and analysis to support the UK's aerospace
industry.
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economic environments.

As such the methodology in this research combines qualitative data
gathering - from semi-structured interviews, and quantitative data
gathering, industry models, stranded asset modelling, RDM approaches,
and multi-variable policy impact analysis. Details of the methodological
approach and the data applied can be found in the Supplementary
Material.

2.2. Scenario development and iteration through industry interviews

To help establish the parameters of the analysis two boundary sce-
narios were developed based on NGFS scenarios: existing policies
(“Baseline™), and net zero in the aviation sector by 2050 (“Net Zero”)
[29]. A third scenario was also developed. This scenario is synthesised
from industry interviews, and academic and grey literature
[9,22,30-34] on the most likely outcome as perceived by the industry
participants (“Industry”). Table 1 below outlines the key attributes of
these scenarios.

Collectively the mix of the SAF costs, blending assumptions, flight
destinations, carbon taxes, and Jet A-1 prices create a fuel cost for each
year, plane and scenario. Tables S2 and S3 show the details of all rev-
enue, cost and CO5 sources and calculation basis.

As outlined by Workman et al. (2021) [14] interaction between in-
dustry participant is the key factor in scenario development, model
refinement, and policy development. This study approaches the problem
in a similar manner, using a combination of interviews (which form
model outcomes) and then assessing the responses of industry partici-
pants to those outcomes under different policy environments. The list of
the industry participants engaged with is presented in Table S1.

2.3. 2.3 UK ATI fleet model input

The ATI Fleet Model [36] predicts the changes of the global fleet in a
particular scenario. The key plane features and demand metrics are
modelled for the three scenarios in this study: 1) Planes: Fleet size, de-
liveries, age (base year 2016); and 2) Demand: Revenue Passenger Kil-
ometre (RPK), Available Seat Kilometre (ASK), load factors.

2.4. Asset model development

The core of the asset model is a forecast of annual revenues, costs,
and profits for each scenario by each asset i.e. planes' age. It uses the
outputs of the ATI fleet model [36] and other external sources (Table
S6). Retirement parameters were applied to the assets to simulate their
anticipated withdrawal from service due to age. The remaining aircraft
subsequently determined revenue and costs, calculated according to the
methodology detailed in Table S2 of the Supplementary Material. The
model is inflation-neutral, discounting all financial metrics to 2024.

The model therefore allows us to test key variables in any chosen
scenarios.

2.5. Overlay of policies

A series of aviation decarbonisation policies were identified from a
combination of interviewee responses and literature suggestions, as
outlined in Table S4 in the Supplementary Material. These were as
follows:

Revenue certainty mechanism
Scrappage scheme

Increase price of Jet A-1

Accelerate blend mandate requirements
Loans for SAF plant creation

These policies were applied to the asset model, either on their own or
in combination with each other.
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Fig. 1. Process flow to derive policy recommendations. Modelling was involved in Scenario development and results and interviews in company interviews and

strategy assessment.

Table 1
Key attributes of different scenarios.
Scenario Baseline Net Zero Industry
Source NGFS Current NGFS Net Zero & Interviews &
Policies [29] ICCT Breakthrough  industry
[29] [35] literature
Aviation Demand 2.3% 0.6 % 3%
growth (p.a.)
Oil price growth (p. 1.6 % 0.7 % 1.6 %
a.)
Global Carbon $200 $275 $200

price by 2050

(per tonne CO2e)

SAF Blending

Only current

100 % in 2045

70 % in 2050 in

UK/EU globally UK/EU & 50 % in
announced other geographies
levels
Hydrogen plane No introduction 2035 2040
ready by
Operational 0% 0.6 % 0.2 %
efficiency
improvements
(p-a)
Fuel efficiency 0.9 % 1.1 % 2019-2035, 1%
improvements 2.2 % 2035-2050
(p-a)
Load factor 0.6 % (90 % 0.5 % (95 % 0.5 % (92 %
improvements maximum) maximum) maximum)
(p-a)

2.6. Application of sensitivities

Several of the key inputs were stressed to assess the extent to which
the results would vary. The inputs with the highest uncertainty were

chosen based on the literature:

e Cost of SAF

e Cost of upgrades

e Proportion of fleet with new technology before reduced cost impacts
pricing

e Rate of return (WACC)

e Carbon impact of HEFA / Alcohol to Jet (AtJ) fuels

Table S5 in the Supplementary Material shows these factors and the
driver for the range used. As with the policies, these were also applied to
the model, again either individually or in combination with others.

3. Aviation sector characteristics and decarbonisation agenda -
a case of deep uncertainty

3.1. Characteristics of the aviation sector and decarbonisation pathways

To critically assess policy support tools for aviation sector decar-
bonisation, the characteristics of the sector and the decision analysis
used to engage stakeholders, needs to be understood.

3.1.1. Complex emission impacts

Aviation is one of the highest carbon-intensive modes of transport,
twice as impactful as the average car [37]. Globally CO4 emissions from
the combustion of jet fuel are estimated to have grown to over 1 GtCO2
in 2019, representing over 3 % of global anthropogenic emissions [9]
and 8 % of the UK's GHG emissions [26]. This impact is increased further
through the radiative forcing (RF) impact of aviation non-CO, impacts,
notably from contrails. These impacts are material (relative to CO» im-
pacts) and highly uncertain, with estimates ranging from 60 % of CO2
impacts up to 315 % - meaning overall impacts of aviation on the at-
mosphere have a near 50 % uncertainty range [38]. Furthermore, the
large uncertainty of the non-CO, effects creates difficulties in generating
prescriptive transition pathways and provides arguments for the exclu-
sion of the RF from non-CO; effects from policy mechanisms such as
Emission Trading Schemes (ETSs) [39].

3.1.2. High risk and investment supply factors

The sector has high capital values, long-life products, and long
development lifecycles. This has created an unusual market structure
with actors that are highly sensitive to risk and making significant
capital investment spending [13] - as follows

e The supply side is represented by risk averse oligopolies - engines
and fuel suppliers which tend to adopt additive technology changes
with deceased differentiation of product [12]. Airframe manufac-
turers have a slightly higher risk appetite by occasionally effectively
‘betting the company’ when they design an entirely new plane e.g.,
Airbus 380 or as would be the case for hydrogen aircraft.

e These dynamic fosters a competitive, buyer-driven market that re-
sembles a monopsony, which is somewhat counterintuitive in in-
dustries typically characterized by a high concentration of suppliers.

o The third set of agents, acting as financial intermediaries, are the
leasing companies, purchasing and leasing over 50 % of all com-
mercial aircraft sold [40]. The major owners of assets in the industry
are the operators and financiers as seen in Fig. 2. These high levels of
asset ownership can significantly influence their behaviour around
change, especially if there is a high likelihood of asset or profit loss.



A.C. Belcher et al.

0 500 1000 1500

$bn
mAirframes mEngine mAirline mlLeasing

Fig. 2. Fixed assets of global aviation industry participants in US$ billion
(Own Analysis).

e Finally, airports struggle to recover the cost of large investments in
infrastructure and in a post-covid era are struggling to bolster bal-
ance sheets following the travel restrictions put in place to manage
the pandemic.

The sector's characteristics are also characteristics of assets which are
at risk of stranding. Stranded assets are “assets that have suffered from
unanticipated or premature write-downs, devaluations, or conversion to lia-
bilities” [41]. While the term is relatively new [42] the concept is not,
linking to value loss in concepts such as creative destruction [43]. The
inverse predicament of stranded assets are carbon lock-ins [44], or assets
which emit large amounts of carbon and are not retired due to the large
values that they represent. This represents the barrier to change from
asset owners but results in the loss of the remaining carbon budget
rather than financial write-down. It can also be looked at from the loss of
assets due to failed technology changes [45], therefore acting as an in-
hibitor (whether conscious or not) on the investment in new
technologies.

3.1.3. Highly competitive operating environment

The tight cost structures of airlines, is driven by the high level of
competition in the market. This then inhibits funding the large capital
investment needed for decarbonisation. High variable cost [46], leads to
both persistent low average profit margins of 1 % [47] and ticket prices
that are driven by changes in fuel costs - which make up 50 % of costs
[48,49] - and lower-cost competitors [50]. Current safety restrictions
prevent utilisation of SAF above 50 % [51] and without costly upgrades7
existing engines will not be able to meet future blending requirements.
This may also exacerbate asset stranding as high penalties for not
meeting the mandates [55] will exceed margins on older less efficient
planes.

3.1.4. Systemic decarbonisation solutions

Many of the sector's decarbonisation options require systemic in-
terventions that cut across these actors. For example, new airframes such
as hydrogen aircraft will require new refuelling infrastructure, ground-
handling processes, safety procedures and possibly air-traffic control
measures to be put in place. This makes the transformational changes
required for deep decarbonisation hard to plan and implement, leading
to further uncertainty in investment planning for net zero as a function
of its market structure and liberalised competitive structure, which re-
duces the incentive to invest [56].

Table 2 maps the impact of the possible decarbonisation options for
the aviation sector and the implications on different aviation actors. It
qualitatively identifies those actors which may be exposed to stranded
value or assets as a result of wholesale decarbonisation technology
pathway development in the sector.

It therefore emphasises the problematic nature of enacting systemic
transformational decarbonisation initiatives within the aviation sector.
It also emphasises the need for decision support processes to be able to
generate output as part of the analytical processes which can engage

7 Engines account for 45 % of the cost of a plane [52]. Average narrowbody
planes cost $60 m [53], retrofits cost 1/3 of the cost of an engine [54].
Therefore, cost of retrofit = 60 x 45 % X 33 % = $9 m
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multiple stakeholders to capture the complexity of decarbonisation
strategy implementation.

3.1.5. Reliance on systems outside of aviation

An underexplored characteristic is the systematic analysis of the
upstream implications of certain interventions, many of which rely on
collaboration with stakeholders outside the aviation industry's tradi-
tional sphere of engagement. For instance, this study found that meeting
Power-to-Liquid (PtL) SAF requirements for the UK narrow-bodied
sector alone could demand as much as 21.9 GW of electricity genera-
tion capacity. As the aviation sector cannot achieve decarbonization
solely through internal mitigation measures, it effectively delegates the
bulk of its deep decarbonization responsibilities to external actors. This
approach results in the industry taking minimal - if any - direct
accountability for decarbonization efforts. The outsourcing of these
obligations extends beyond electricity for PtL to include land re-
quirements for Hydrotreated Esters and Fatty Acids (HEFA) SAF, as well
as reliance on Market-Based Measures (MBM) and Carbon Dioxide
Removal (CDR) solutions to address residual emissions. Paradoxically,
this strategy exposes the sector to significant systemic risks. By
distancing itself from control over its own net-zero transition, the in-
dustry becomes vulnerable to regulatory pressures and increased costs of
capital, potentially undermining its ability to manage its long-term
sustainability goals effectively.

Bringing the fourth and fifth characteristics together the need for
analysis to transition from an analytical framework which is based on
the premise that aviation sector decarbonisation is a complicated
problem rather than one which is complex is fundamental to this
contribution (Fig. 3).

When acknowledgement is made as to the complexity - the extent of
uncertainty that pervades the aviation sector can be defined as deep.
“Deep uncertainty” is described as a circumstance: where analysts do not
know, or the parties to a decision cannot agree on, 1) the appropriate con-
ceptual models that describe the relationships among the key driving forces
that will shape the long-term future, 2) the probability distributions used to
represent uncertainty about key variables and parameters in the mathemat-
ical representations of these conceptual models, and/or 3) how to value the
desirability of alternative outcomes. In particular, the long-term future may
be dominated by factors that are very different from the current drivers and
hard to imagine based on today's experiences [19].

The first and second deep uncertainty traits are justified in that at-
mospheric impacts and market structure are inhibiting a clear trajectory
of change nor the quantification of what the likelihood is of the main
drivers for decarbonisation. The third is justified in that due to a lack of
historical precedent, the anticipated systemic transformational changes
needed will lead to differential impacts of asset stranding - makes
identifying which metrics would be considered desirable problematical.
How the extent of complexity and deep uncertainty characteristics
unpacked above are addressed in the present aviation sector decision
analysis is assessed in section 3.3.

3.2. Aviation decarbonisation policy

3.2.1. A limited number of options for decarbonisation

With aviation demand growth forecast to double by 2050, in the
absence of any emissions mitigation, radiative forcing contribution to
climate from aviation is forecast to grow by between 1.7 and 2.7 times
[58]. This forecasted increase and subsequent impact are the drivers for
the efforts by the industry and beyond to provide technological solutions
to reduce the emissions from the aviation sector. While efficiency gains
are anticipated to merely offset emissions growth from demand in-
creases [22,34], they fall short of addressing the existing environmental
challenge. Innovative approaches and transformative strategies are
therefore imperative to tackle the majority of the sector's environmental
impact.

Aviation decarbonisation analyses are typified by the UK Sustainable
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Table 2
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Heat map (1 (lowest) to 5 (highest)) of likely change to current operations required in response to technological innovation and penetration (column 1). Scores thus
identify likely resistance of different players to development of new technologies. Source: Synthesised by this paper's authors from recent industry reports [31,57].

Description

Metric(s) impacted Technology change needed

External change

Industry Actor

Hurdles

Airframe  Fuel Airlines

Engine Airport Leasing co.

also positive impact on contrail formation

remains the same. Will need ammended engines to
deal with new fuel type

materials or H2/GGR at huge
scale

Battery Use of batteries to drive engines (with green  Electricity demand (-ve) Large - remove onboard fuel need, changes to Low - Battery tech already Energy density
propulsion electricity) &carbon intensity (+ve) areostructure for weight, changes to engines focused onin other sectors 4 3 3 3 3 2
Hydrogen gas Cryogenic or liquid green hydrogen burningto Carbonintensity (+ve). Medium- change onboard fuel storage and delivery. High-need H2 productionon Mgt of cryogenic H2 (safety)
turbine drive engines. NB = Stillsome impact from  Airplane size & Change engines to deal with new fuel huge scale
contrails & Nox electricity demand (-ve)
Hydrogen Fuel  Cryogenic or liquid green hydrogenusedin ~ Carbonintensity (+ve). Medium - change onboard fuel storage and delivery. High-needH2 productionon  Heat management of cells,
cells fuelcells todrive engines. NB = Stillsome  Airplane size & eletricity Change enginesto electric engines huge scale cryogenic storage of H2,
impact from contrails & Nox demand (-ve) green H2 creation, delivery
SAF Sustainable aviation fuels (biofuels or PTL) -  Carbon intensity(+ve) Low - much of the infrastructure and airframe High - Production from bio- Manufacture from non-

foodstocks. Increase
efficiencies (and therefore

Ultra-high bypass
atio turbofan

Reduce bur of engines - use on large planes not
able to use zero carbon. Increase efficiency by
10%

Low- gi
existing

Fuel efficiency (+ve) likely to

Low - engine tech. within
aviation industry

Conversion of POC level to
commercial launch

Aerodynamic
Technologies

Dry wings - no fuel storage in wings - impact on
structure. Reducing drag of engines - lower
impacton structure.

Vwings - 20% reduction in fuel usage

Fuelefficiency (+ve) Medium - change in airframe, engines and fuel delivery

systems.

Low - aerodynamic changes
within aviation industry

Balance of aerodynamics
with other factors

Composite Wings

lightweight, high performance composite
wingstructures and integrated systems.
Increase efficinecy by 10% & reduce weight

Fuel efficiency (+ve) Low - New wings likely added to new planes only.

Wings designed to cope with existinginfrastructure.

Medium - material science
improvements needed

Strength vs weight factor

Energy harvesting

Conversion of energy losses into useful
energy

Fuel efficiency (+ve) Medium - Airframe changes needed and storage of

energy

Low - energy harvestingwell
understood tech.

Storage of saved power

Reduce weight

Reduce weight of landing systems & others

Fuel efficiency (+ve) Low - new landing systems interchangeable

Low - within aviation sector to
manage

Strength vs weight factor

Reduced energy
systems (&
electrification)

Egice andrain protetion - 5% efficiency
increase

Fuel efficiency (+ve) Low - new systemsinterchangeable

Low - within aviation sector to
manage

Conversion of POC levelto
commercial launch

Free Route Allowing planes to chose more efficient RTK(-ve) Low - onboard systems to design optimal routes Low - within aviation sector to  Safety of planes in high
Airspace routes, reducing fuel use needed manage density areas
evToL electric vertical take-off and landing Electricity demand (-ve) High -Newtype of flight, requires complete changeof ~ Low - Battery tech already Energy requirment
& carbon (+ve) intensity  airframe and engine integration. Also changes to airport  focused on in other sectors 3 4 3 4 4 2
infrastructure
Lighter Than Air Using airships for slower delivery esp. freight Fuelefficiency (+ve), Large - needs gas thatis LTA to provide lift. Much lower  Medium - materials (skin) need Control of airships
(LTA) - airships Airplane size (-ve) emissions as much higher efficiency development
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Complicated Problem

Complex Problem

Urgent Need
Decarbonise Aviation
Fuels to meet 2050 net
zero targets

Widespread Need

Decarbonise narrow-bodied,
wide-bodied fleet etc

Problematic Pattern

Despite technological
developments, the risk
appetite to deploy new

technologies is
considered too great

Complex System

Interdependent drivers -
e.g. political, economic,
regulatory cultural, risk
appetite etc to drive and
sustain aviation sector
deployment

Targeted Solution

Develop low-zero carbon
fuels

Solution at Scale

Develop refuelling
infrastructure supply chain
capacity to meet aviation
sector demands and ensure
airport investment in new
fuelling systems and
operations

System Innovation

System Transformation

Address the patterns of
incentives to support
long term approaches

including addressing of

potential asset
stranding.

The ecosystem of relevant
aviation actors develops a
better understanding of
the systemic needs to
realise scaling and
deployment e.g. power
relationships, incentive
structures, narratives

Fig. 3. The complexity spectrum applied to the urgent need for aviation sector decarbonisation technology scale-up globally within and across national economies.

Aviation Roadmap [34] which consists of numerous measures capable of
collectively achieving net-zero carbon emissions by 2050, the latest
iteration of the which is presented in Table 3. Solely focusing on CO5
emissions, it sets a clear decarbonisation trajectory. Methods of decar-
bonisation presented in the roadmap are categorised into three major
groups: 1) Energy Efficiency Improvement; 2) Demand Side Decarbon-
isation; and 3) Supply-Side Decarbonisation.

3.2.2. Current policy environment

Current aviation decarbonisation policies of governments are
focused on multiple, and often competing goals - decarbonisation,
increased revenue, energy security and green economic growth [59].
There are a few policies which are specific to aviation, e.g. inclusion of
air transportation in UK and EU ETS, new plane efficiency mandates or
Nordic blending requirements [26,32,60]. One of the main difficulties in
setting aviation-specific policies on national levels is that the majority of
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Table 3
Summary of UK Jet Zero aviation sector path to net zero [34].

Category Emissions Key benefits Emissions
reduction reduction
proposals potential in

2050
‘In-sector’ Aircraft and Cleaner, quieter and 8 MtCO,
opportunities engine efficiency efficient flights
improvement.
SAF deployment 70 % reduction in life 9 MtCO,
cycle emissions
relative to fossil fuels
Zero Carbon Battery and hydrogen 2 MtCO,
Aircraft fuelled aircraft remove
much of the in-flight
emissions
‘Out-of-sector’ Sector focused Reduced passenger 14 MtCO,
opportunities’ ~ MBMs - UK ETS demand
and CORSIA
Non-sector Achieve net-zero 19 MtCO,
focused MBMs — targets by filling gaps
carbon credits left by ‘in-sector’
opportunities

@ It is noteworthy the lack of clear distinction in reductions and emissions in
the roadmap. These have materially different impacts on climate — carbon
removal measures net out the impact of an emission whereas offsetting measures
avoid a future emission without netting out any CO, emissions.

emissions originate from international flights [61]. It is notable that the
current policy framework focuses narrowly on operators whereas, as
described earlier, the nature of innovation in the industry is heavily
reliant on the key suppliers and the manner in which these oligopolies
restrict innovation.

In the past year both the EU and the UK have introduced SAF
blending mandates, significantly accelerating the policy impact on
aviation [55,62]. A number of other possible policies have been sug-
gested and are laid out in Table 4.

3.3. A Critical assessment of present aviation sector decarbonisation
policy support tools

Decarbonisation projections for the aviation sector generally
combine models and scenarios, such as those from global bodies such as
the Intergovernmental Panel on Climate Change (IPCC), International
Energy Agency (IEA) and Network for Greening the Financial System

Table 4
Possible additional aviation policies.

Policy Description

CO,, taxation Tax the emissions of CO, by the emitter through a carbon price.
[32]

Place a limit on the number of flights able to be taken. [32]

A charge made on people who fly more often. [26]

Limit flights
Frequent flyer

levy

Alternative Provide alternatives to aviation such as high-speed rail. [26]
provision

Promote non- Promote and support virtual attendance for meetings etc. [26]
travel

UK holidays Provide financial incentives for UK-based holidays. [63]

Carbon allowance  Create a carbon allowance scheme whereby each individual
would have a set amount of carbon emissions per year (similar

to ETS). [63]
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(NGFS).® Concerns as to the ability for these tools to support decar-
bonisation are already substantive in the literature with suggestions for
the following improvements: the use of a wider set of more regularly
updated scenarios; the lack of geographic granularity and hence lack of
physical risk feedback; lack of internal consistency of models; and the
absence of the access to finance to be accommodated [64,65].

Furthermore, the actions on the firm level are not reflected in the
inputs of the scenarios nor within the models themselves [66]. The lack
of understanding of the actions of firms is particularly salient and
somewhat surprising considering the sector's unique market character-
istics [67]: The assumed transitions of firms - whereby old markets are
instantaneously destroyed and then new ones created with associated
resources efficiently reallocated - have the potential to create outputs
which distort decision-making [68].

Traditional policy support tools based on the whole system cost
optimisation are neither able to manage the complexity inherent to the
aviation sector as articulated in Section 3.1, nor can assess the impact of
policy interventions on firm behaviour [69]. They fail to account for
three critical factors:

e Path dependence and collaborative efforts needed for many of the
aviation sector decarbonisation interventions;

Inertia effects stemming from the need to generate completely new
upstream industrial value chains for new energy carriers and retrofit
new infrastructure into existing capital assets. These efforts face
barriers such as regulatory, legal and established standards and
therefore entail a significant economic cost and political risk which
are challenging to incorporate into models due to their non-
parametrisable nature;

Incumbency effects within value chains which will result in non-
financial transaction costs for reallocating resources towards decar-
bonisation — which are non-trivial in all sectors and all the more
salient in an oligopolistic market such as the aviation sector.

This makes policy design and specific interventions to motivate firms
to allocate capital to decarbonisation to catalyse the transition highly
challenging. There is a need for analysis that bridges the capability gap
between the aviation sector's complex characteristics and the orthodox
approach. As well as helps to identify how aviation actors can be
incentivised to support deep decarbonisation innovations, as with their
complementary assets and resources, they might be in a position to
accelerate the transition to net zero and avoid capital and market value
loss.

The former can be undertaken by the application of exploratory
approaches such as Robust Decision Making (RDM) [14]. These analyses
challenge the conventional paradigm by:

e Considering multiple possible futures: The collection of future sce-
narios - comprising different combinations of uncertainties external
to investment decision-making - which are as diverse as possible to
stress test proposed policy packages' impact on the aviation sector;
Seeking strategies that are robust rather than optimal: Robust stra-
tegies perform well and can survive across a wide range of possible
futures; and

Using novel computer visualization to engage with market partici-
pants and stakeholders: to facilitate the deliberation of systemic
components of negative emissions from multiple parameters and
assess the trade-offs.

8 IPCC is the body supporting the UNFCCC process through the provision of
expert advice and reports. IEA is an intergovernmental organization that pro-
vides policy recommendations, analysis, and data on the global energy sector.
NGFS is a group of central banks and supervisors which supports the financial
sector in the development of climate and environment-related risk
management.
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Exploratory approaches focus attention on the characteristics of
strategic options and not on predictions of the future, and seek answers
to different questions, such as: (1) What are the conditions that would
affect the performance of a decision makers current or prospective
strategies? (2) Under what conditions does a firm's strategy fail to meet
different stakeholders' goals? (3) Would the likelihood of such condi-
tions lead to a change in strategy? (4) Which decisions a firm need to
make immediately, and which ones can be delayed? [70].

It is as a result of this new approach, the impact of changes of pol-
icies, technology or societal norms can be understood at the firm level -
be that on revenues, profits or asset values. This new understanding can
lead to identification of stranding of those values.

Much of the focus of stranded asset research has been on the sectors
of energy generation and fossil fuel extraction [17]. Whilst many papers
suggests further research be carried out into the transport sectors
[44,71,72] there is minimal evidence this has been acted upon beyond
looking at the impact transport has on stranding [73] or considering
requirements to retire high carbon assets in return for COVID bailouts
[74]. Limited discussion has been made about aviation stranding in grey
literature and journalism [75-77]. It is a research gap that, through the
use of exploratory approaches, this paper seeks to examine.

4. Results and discussion

Policies proposed from the results of the research will impact
different stakeholder groups in different ways with each stakeholder
focusing on different key metrics. A single variable optimisation may
lead to an erroneous outcome when multiple stakeholders are involved.
Therefore different ways to visualise and manage outputs across the full
range of variables is required. This approach works with the extensive
uncertainty and in providing transparent insight it allows for the iden-
tification of vulnerabilities within the outcomes. In doing so, it equips
policymakers with valuable insights into the potential impacts of their
decisions.

In this study the results are presented as multi-dimensional or par-
allel coordinate plots. Colours and shades for different factors such as
policies selected are used to aid interpretation and use. Another
approach as suggested by Lempert (2013) [19] in their outlining of RDM
result analysis, which can help identify vulnerabilities, can be a two-
dimensional matrix chart. It requires a small number of metrics (under
four) however, with some adaptation, this analysis was extended to five
metrics and used in conjunction with the parallel coordinate plot.

Results from the model show the impact of changes in the UK nar-
rowbody fleet across a number of attributes. These attributes cross
different factors, however, they lack in the ability to suggest relative
scale for the UK as an economy or to firms within the industry. To bring
these into a more understandable level a number were converted into
percentages against different UK relevant levels. Table 5 below shows

Table 5

Relative measures for UK aviation.
Attribute Relative measure Value
GHG UK 2050 target GHG emissions for narrowbody  20.41 MT

emissions planes COqe”

Energy UK wind energy capacity added 2013-2023 21 GW"
Land 10 % UK arable land 6045 km? ©
Stranded 20 % UK airline market capitalisation $1.53bn"

assets

# UK target = 19.3 MT CO2e [21], Narrowbody fleet as proportion of total =
54 % [27], Proportion of flights under target (UK domestic + outgoing inter-
national flights) = 51 %. Model target = 19.3 x 54 % / 51 % = 20.41 MT CO2e.

b [78].

¢ UK arable land = 133,000 ha / 2.2 % *10 % = 0.605 m ha = 6045 km2 [79].

4 £0.01bn market cap / narrowbody plane (average of BA (based on BA profit
as proportion of IAG, allocated on RPK by aircraft type) [30] and Easyjet [80],
[271, [81]) X 658 UK narrowbody planes X 20 % = £1.18 bn / $1.53 bn.
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these relative measures and their derivation.

Section 2 described the outputs of the analysis undertaken by the
application of an exploratory approach to the decarbonisation of the UK
narrowbody plane segment. It is framed around the additional insights
that are possible beyond that of orthodox optimisation approaches
which focus on cost minimisation at discrete timesteps in a future which
is highly uncertain and impossible to predict; whereby sensitivity
analysis is the only mechanism to engage with uncertainty.

This study uses the outputs as justification of how exploratory ap-
proaches can address the shortfalls of existing analysis which include
but are not limited to: (i) the ability to unpack the pervasive extent of
uncertainty across and along technology interventions, financial impli-
cations and emissions whilst facilitating deliberative engagement with
stakeholders and market actors; (ii) the structuring of decisions as well
as facilitating multi-sectoral decision making co-ordination; and (iii)
intuitively encourages interdisciplinary approaches to identify systemic
risks and the policy interventions that might be needed to mitigate those
risks.

4.1. The deep uncertainty of aviation's future necessitates an exploratory
approach

The scenarios, in combination with policy layers and sensitivities,
provided 1536 possible futures. Five key metrics were utilised to
manage the multitude of results over the duration of the period and
variables, assessed against the pertinent thresholds in Table 5:

GHG emissions in 2050,

total assets stranded,

maximum land required, maximum electricity capacity,
Net Present Value of profits for airlines.

The out of sector metrics relate to the out of sector impacts discussed
in section 3.1.5, energy requirements for PtL and land requirements for
biofuel SAF. Figs. 4 and 5 show the plotting of these possible futures with
the proportion of futures breaching each threshold under each scenario,
along with the average percentage of the relevant threshold documented
in Table 6.

Fig. 5 identifies a number of the futures which create vulnerabilities
where either of the following occurs:

e GHG emission targets >20.41MT COzeq - are significantly missed -
centre colour of circle is red;

e UK airline industry loses assets >20 % of its current market capi-
talisation >$7.7bn - rim colour of circle is red;

e >10 % of UK arable land >6000 km2 is required - top area of
vulnerability;

e new energy generation greater than the total added UK wind ca-
pacity from the past 10 years >21 GW - right side area of
vulnerability.

These are all futures which create significant issues that stakeholders
will seek to avoid. It is therefore important to identity what might cause
them and how the industry and the UK government can influence the
outcome.

In the context of applying an exploratory approach, the diverse range
of potential futures illustrated in the figures captures both the uncer-
tainty surrounding key inputs and the variability in how actors within
the sector might respond to those inputs. By contrast, a singular, opti-
mized approach would fail to reveal the vulnerabilities highlighted in
these results, leaving it exposed to unforeseen challenges and future
uncertainties.

The ability to explore the uncertainty space via an exploratory
approach then facilitates the ability to generate participatory engage-
ment with stakeholders and what is termed “deliberation with analysis' —
whereby stakeholder insight of a quantitative nature can be fed into
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Fig. 5. Scenarios across different policy and sensitivity combinations — each circle represents one possible future with size proportional to NPV for UK narrowbody

airline operators.

Table 6
Spread of factor results among futures.
Scenario  CO2e Stranded assets Energy Land Above one
threshold
Above Average Above Average Above Average Above Average
threshold level threshold level threshold level threshold level
BAU 100 % 117 % 0 % 0 % 0% 9% 50 % 82 % 100 %
Net zero 0% 26 % 0 % 21 % 0% 55 % 0 % 60 % 0%
Industry 0% 76 % 25 % 48 % 25 % 83 % 0% 22% 50 %
Total 33 % 73 % 8 % 23 % 8 % 49 % 17 % 55 % 50 %

analysis. In the case of this study the extent of uncertainty revealed in
the analysis was further reflected in the interviews - which emphasised a
lack of appetite to invest in transformational aviation sector
decarbonisation:

“...these questions are almost too difficult to answer without guessing. We
don't know the rate of change of engines, we don't know the rate of change
of hydrogen, we don't know the rate of change of non-drop-in fuels” —
Interviewee 3

“[Wel...won't make a strategic capital investment case....... it's a phased
approach” - Interviewee 4

4.2. Clarifying decision structuring and need for multi-sectoral
engagement

While there is significant uncertainty from the future, this need not
be true for all aspects of decision making. Exploratory approaches can
also identify aspects where uncertainty can be managed. Table 6 shows
that with the current policy framework (Baseline Scenario) all possible
futures (100 % of futures are above the emission reduction threshold in
Table 5) will miss the current UK emission reduction targets. As the
scenarios differ significantly by the blending mandate, this indicates that
the current trajectory is insufficient to meet the target. The insufficiency
of the trajectory is supported by industry, who are equally surprised by
the later mandates and frustrated with frequently changing regulation:
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“they're going to need to review the mandate levels ...in the long term...an
even higher mandate volume than they're currently looking at” “it is quite
critical that the policy is long term and it's embedded and it doesn't
change® - Interviewee 4.

Fig. 6 shows where the decarbonisation over the period 2024 to 2050
is derived from. Here the level of difference and uncertainty is much
smaller (as seen from small ranges of results across all scenarios and
possible futures in each emission reduction driver) and points towards
the focus of the industry on continued operational efficiency predomi-
nantly through increasing load factors and migrating to SAF as an energy
vector. This derives the following decision paradigm:

e a simple solution would be to minimise hydrogen investment for
aviation;

e that would, in turn, miss the hydrogen feedstock requirement for PtL.
In 2050 the combination of PtL hydrogen feedstock requirements
and pure hydrogen fuelled planes results in an average of 86.4 % of
the total emissions reduction relying on hydrogen (combination of
PtL SAF benefit % and Hy benefit %) with a small standard deviation
(6.3 %) across all futures in the Industry Scenario.

The aggregated implication of this analysis is that it supports a
medium-term focus on hydrogen production for use in SAF but not the
focus on hydrogen fuelled planes.

As Pfeiffer (2018) [82] outlines when making investment decisions
with long-lived assets, it is imperative to look at the cumulative impact
of the decisions over the whole period, not just on the near-term im-
pacts. The impact of aviation on climate change is a function of its cu-
mulative emissions, not the level at an arbitrary period in the future
[83].

Therefore, it becomes important to support the aviation industry in
decision-making through the development of approaches that deliver
robust outcomes. This study has introduced such an approach which will
facilitate market actor engagement and broader stakeholder groups,
upstream of the technologies, energy vectors being considered for
aviation sector decarbonisation (i.e., PtL, energy generators, feedstock
providers), cross-sector investment co-ordination and mitigate concerns
as to disintermediation such as the over dependencies of the sector on a
MBM/CDR sector which as yet does not exist.

4.3. Stranded asset risk becomes clear with an interdisciplinary approach
applying multiple scenarios

As shown in Table 6 only a small number of futures (8 %) in this case
study exceed the stranded asset relative measure (20 % of the current
market capitalisation of UK airlines, the Market Capitalisation
Threshold (MCT)) - see Table 5. However, this still masks a few aspects
which are exposed in Tables 7 & b:

o There is a high concentration of futures in excess of the MCT in the
“Industry Scenario’;

e Across the “Industry Scenario’ an average of nearly 50 % of the MCT is
reached across all futures; and

e It is particularly susceptible to sensitivity of faster impacts on reve-
nues than from industry cost changes.

Picking one future to investigate further, with only the change of
technology introduction sensitivity and no policies applied, Table 8
shows when the stranding occurs, to which age of planes, and the
financial loss.

These values are similar to those suggested by Caldecott et al.” [74]

9 Average of 1.8 %, maximum of 16.9 % of all asset value lost due to
stranding
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with an average of 0.9 % of asset values on average stranded and a
maximum of 7.0 % stranded. This also highlights the high ratio of assets
to market capitalisation (5:1) for airlines and therefore the level of debt
(or leverage) which they have, positioning them at a riskier position
than other companies in the sector.

The stranded planes are those which are entering into service over
the next decade. Those entering service later will have a greater fuel
efficiency and so will still be able to operate profitably even with a lower
revenue.

Although stranding only takes place in the Industry Scenario futures
with the accelerated impact of the technology change, this is only true
for the time period which we are reviewing, up to 2050. If the model
were to be extended beyond that year, using an extrapolation of fleet
turnover mirroring that of the last 2 years of the period, stranding would
happen in 2051 (when over 20 % of the fleet is hydrogen) even without
applying that sensitivity. Therefore, in modelled futures with this sce-
nario it is more of a question of when rather than if stranding will occur.

This result has material implications for the aviation industry beyond
the UK. Extrapolating to the global narrowbody fleet would result in
stranded assets of $63.6bn'° by 2050. This size and frequency (20 %) of
risk will impact not just the owners of the assets (airlines), but also
financers (leasing companies) and investors (asset managers). The
existing reluctance of financers to provide capital for airlines to buy
older planes may increase if this additional risk is considered — as per
interviewee, below.

“you're not going to get finance to operate those older aircraft” — Inter-
viewee 3.

This level of risk provides a material reason for current asset owners
to act to prevent the introduction of new technologies [44]. Other in-
dustries e.g., cameras and solar panels - have seen new technology en-
trants creating significant stranding of assets and value [84]; [85].
Policymakers therefore need to be aware of these underlying risks which
drive the aviation industry to seek to maintain the status quo. In
addressing these risks policymakers will need to consider policy options
which provide opportunities for the risks to be minimised or the alter-
native to be made significantly attractive to incentivise action.

The involvement of industry input in this RDM approach has not only
identified impacts and risks to the wider economy including society it
has also identified impacts on the aviation industry within a single
analytical paradigm. As outlined in section 3.1.2 asset stranding in
aviation has not been developed previously, despite having industry
characteristics which would suggest that it would be substantially
exposed. One possible reason for this may be the lack of utilisation of
exploratory tools such as RDM within research in both aviation decar-
bonisation and stranded asset corpus. This highlights the benefit of using
an approach that exposes more of the decision space thereby intuitively
bringing in a more interdisciplinary approach.

In summary there are three key findings:

e The most salient systemic risk facing the sector is substantial expo-
sure of asset stranding;

e A continuation of existing policies is likely to lead to an under-
shooting of decarbonisation goals;

e Utilisation of sustainable aviation fuel (SAF) as the medium-term
aviation fuel energy vector is the “no regrets” strategy for deep
decarbonisation. It has many possible pathways drawing on a range
of feedstocks allowing an element of robustness to be realised.

Though the approach is a substantive improvement on existing tools
the analysis has not considered the role of (i) policy sequencing on

10 2050 UK narrowbody fleet — 1230, 2050 global narrowbody fleet — 40,855
(ATI fleet model). $1.9bn / 1230 x 40,855 = $63.6bn



A.C. Belcher et al.

Ops eff benefit % Fuel eff benefit %

50 60

50

40

40

0 0

Energy Research & Social Science 127 (2025) 104158

SAF benefit % H2 benefit %

60 50
40
P N 30
30 N
N 20
20 N \\\
\_ 10
10 \
0 o

Fig. 6. RDM parallel coordinate plots displaying the proportion of category in total carbon reduction over period (red - Base Scenario, green - Net Zero Scenario, gold

- Industry Scenario).

Table 7

a & b - Impact of scrappage scheme and cost-based price impact on market capitalisation of airlines (simplification of tables S7 and S8).

All Scenarios - Average of percent market cap

Scrappage New tech impacts price

Total

scheme No Yes
No 4% 43% 24%
Yes 4% 34% 19%
Total 4% 38% 21%

Table 8
Stranded assets as a result of technology change impact acceleration.

Year of entry into Year of Value of stranding ($m) (discounted to
service stranding 2024)
2026 2047 83
2026 2050 2
2027 2047 137
2027 2050 5
2028 2047 191
2028 2050 9
2029 2047 235
2030 2047 128
2031 2047 151
2032 2047 168
2033 2047 180
2034 2047 196
2035 2047 207
2036 2047 223
Total 1915
Current market capitalisation of UK fleet 7669

incentivising aviation sector as well as upstream and downstream actors
in decarbonisation, the impacts of asset stranding, investment attrac-
tiveness to actors decarbonisation; and (ii) the implications of policy
interaction at any point in time. The analysis therefore represents the
start of a deliberative conversation on the needs of the broad range of
actors within the aviation sector which requires the application of other
aspects of exploratory modelling yet to be applied — see Fig. S1 in Sup-
plementary Material.

5. Conclusion - need for more exploratory approaches and
interdisciplinarity to aviation sector decarbonisation transitions

analysis

This contribution highlights the need for the application of

11

Likely Scenario - Average of percent market cap

Scrappage New tech impacts price Total
scheme No Yes
No 0% 108% 54%
Yes 0% 87% 43%
Total 0% 97% 49%

exploratory and interdisciplinary approaches to aviation decarbon-
isation transitions analysis to better inform aviation sector net zero
strategies.

The study finds that there is a wide range of estimates of the key
drivers for aviation decarbonisation, such as SAF cost and GHG reduc-
tion potential, cost of capital, speed of new technology development and
diffusion, as well as the implications of these technologies on aviation
sector company cost and revenue structures. There's a need to recognise
the deep uncertainty in aviation sector decarbonisation analysis which is
often more impactful on analysis than possible decarbonisation policies.
In order to incorporate this uncertainty and unpack strategic investment
insight from a firm perspective we applied an exploratory approach
(RDM) to the aviation sector on an example of the UK narrow-bodied
fleet.

The exploratory approach analysed a model that incorporated
various scenarios into an existing industry fleet model to assess changes
in passenger demand. It then integrated projected cost developments for
new fuels and blended mandates to evaluate shifts in revenue and ex-
penses, ultimately identifying potential stranded assets.

Based on industry stakeholder engagement, the metrics of electricity
and land requirements, GHG emissions, and profitability allowed the
vulnerability analysis to be more complete and identify both broader
socio-economic factors and dysfunctional industry behaviour that the
government needs to consider when developing policy. Addressing an
industry with a series of oligopolies will require closer international and
cross-departmental coordination.

The approach highlighted the following outputs relevant to policy
within a single analytical paradigm:

e policies currently in place will not be enough to reach the decar-
bonisation goals of the UK;

e the main focus of aviation decarbonisation to 2050 needs to be the
generation of SAF along with hydrogen production as a feedstock not
the focus on hydrogen fuelled planes; and



A.C. Belcher et al.

e there is a risk of significant asset stranding which could impact on the
financial stability of the UK aviation sector. Further analysis can be
conducted to assess implications of this stranding on individual air-
lines and actors upstream of airlines to develop further fidelity,
taking into account the particular nature of the aviation industry
behaviours with respect to innovation.

The study has clearly demonstrated that the application of an
exploratory approach can facilitate working with the extensive deep
uncertainty and complexity of the aviation sector characteristics by: (i)
its ability to decipher the pervasive extent of uncertainty across and
along technology interventions — including upstream implications,
financial fall-out and emissions - whilst facilitating deliberative
engagement with stakeholders and market actors. That is the RDM
approach provides a more flexible and comprehensive approach to un-
derstanding and addressing deep uncertainty in which modelling can
exist in an iterative exchange with policy development rather than
separate from it; (ii) the structuring of decisions as well as facilitating
multi-sectoral decision making co-ordination both intra systemic within
the aviation sector and inter systemic — i.e., beyond the sector; and (iii)
intuitively encourages interdisciplinary approaches to identify systemic
risks and the policy interventions that might be needed to mitigate those
risks. This work concludes that cannot happen whilst the majority of
aviation sector analysis applied relies on a limited suite of tools, limited
in their ability to address the extent of complexity and deep uncertainty,
generating inadequate net zero policy insight for the aviation sector.

It is hoped that this contribution will stimulate the application of a
more diversified approach - incorporating exploratory and qualitative
approaches - to better inform robust aviation sector decarbonisation
policy design for possible net zero futures which is transparent and
inclusive.
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