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A B S T R A C T

The sustainability of air transport is increasingly studied in relation to climate issues. The objective of this
paper is to provide the key elements for assessing whether a given transition scenario for aviation could be
considered as sustainable in the context of the Paris Agreement. Addressing this question relies on a broad range
of concepts which are reviewed. First, ethical considerations related to effort-sharing mitigation principles
and physical considerations on climate impacts of aviation are introduced. Then, the technological levers of
action for mitigating CO2 and non-CO2 effects are detailed. Concerning CO2 emissions, low-carbon alternative
energy carriers represent the main lever, with a wide range of solutions with varying degrees of maturity and
decarbonization potentials. Other significant CO2 levers include improving aircraft architecture efficiency and
accelerating fleet renewal. Concerning non-CO2 effects, contrail effect mitigation through operational strategies
is one of the most promising lever. Aviation transition scenarios are then reviewed, with a particular focus on
scenario simulation and sustainability assessment methodologies. Prospective scenarios are a useful framework
for assessing the impacts of technological levers on the achievement of climate objectives. This review leads
to the conclusion that technological levers have an important role to play in making aviation sustainable;
however, significant uncertainties weigh on their feasibility, particularly for the most ambitious scenarios
which rely on strong technological and political trade-off assumptions. The paper ends by raising the question
about the meaning of sustainable aviation, which must be based on technological but also, for instance, social,
economic and ethical considerations.
1. Introduction

In its Working Group I Sixth Assessment Report (AR6) published
in August 2021 [1], the Intergovernmental Panel on Climate Change
(IPCC) stated that ‘‘observed changes in climate are unequivocal at the
global scale’’ and that ‘‘human influence on the climate system is now
an established fact’’: between the periods 1850–1900 and 2011–2020,
the average global temperature has raised by 1.09 °C, of which 1.07 °C
is due to human activities. The impacts of this human-induced climate
change such as water scarcity, extreme weather events, sea level rise or
biodiversity loss are already observable and are expected to intensify
with the global temperature rise [2].

1.1. Paris Agreement

In light of this scientific evidence, climate change mitigation and
adaptation have come to the forefront of international policy. The Paris
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(T. Planès), florian.simatos@isae.fr (F. Simatos).
1 See for instance the webpage of the UNFCCC dedicated to the Paris Agreement.

Agreement is an international and legally binding treaty which was
adopted by 196 Parties of the United Nations Framework Convention
on Climate Change (UNFCCC) at COP 21 in Paris, on December 12th,
2015.1 Its general goal, defined in Article 2, is to ‘‘strengthen the global
response to the threat of climate change’’. Several more precise goals
are stated in the Agreement, among which two are particularly relevant
for our purposes [3]:

1. Article 2 states a long-term objective in terms of temperature,
namely ‘‘[to hold] the increase in the global average temper-
ature to well below 2 °C above pre-industrial levels and [to
pursue] efforts to limit the temperature increase to 1.5 °C above
pre-industrial levels’’;

2. Article 4 formulates an objective in terms of emissions, namely
‘‘to achieve a balance between anthropogenic emissions by
sources and removals by sinks of greenhouse gases in the second
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Nomenclature

ACARE Advisory Council for Aeronautical Research
in Europe

AEC Alternative Energy Carrier
AESA European Union Aviation Safety Agency
AKM Aircraft-Kilometer
AR5 Fifth Assessment Report
AR6 Sixth Assessment Report
ASK Available Seat-Kilometer
ATAG Air Transport Action Group
ATJ Alcohol-To-Jet
BECCS Biomass Energy with Carbon Capture and

Storage
BLADE Breakthrough Laminar Aircraft Demonstra-

tion in Europe
BLI Boundary Layer Ingestion
BWB Blended-Wing Body
CCS Carbon Capture and Storage
CDR Carbon Dioxide Removal
CROR Contra-Rotating Open Rotors
CSP Concentrated Solar Power
DAC Direct Air Capture
DSHC Direct Sugar to Hydrocarbon
EHA Electro-Hydrostatic Actuator
EIS Entry-Into-Service
EMA Electromechanical Actuator
EMC Electromagnetic Compatibility
ERF Effective Radiative Forcing
EU European Union
EWIS Electrical Wiring Interconnection System
FT Fischer–Tropsch
GHG Greenhouse Gas
HEFA Hydroprocessed Esters and Fatty Acids
HTE High Temperature Electrolysis
IAM Integrated Assessment Model
ICAO International Civil Aviation Organization
IEA International Energy Agency
IPCC Intergovernmental Panel on Climate

Change
LCA Life Cycle Assessment
LHV Lower Heating Value
LTE Low Temperature Electrolysis
LUC Land Use Change
MEA More Electric Aircraft
NDC Nationally Determined Contribution
PAX Revenue Passengers
PBtL Power- and Biomass-to-Liquid
PDE Pulsating Detonation Engines
PtL Power-to-Liquid
RDE Rotating Detonation Engines
RF Radiative Forcing
RPK Revenue Passenger-Kilometer
RTK Revenue Tonne-Kilometers
SAF Sustainable Aviation Fuel
SBW Strut-Braced Wing
SFC Specific Fuel Consumption
2

SMR Short-Medium Range
TCRE Transient Climate Response to cumulative

Emissions
TRL Technology Readiness Level
UCO Used Cooking Oil
UHBR Ultra High Bypass Ratio
UNFCCC United Nations Framework Convention on

Climate Change
VHBR Very High Bypass Ratio
WG Working Group

half of this century’’, i.e., to reach net zero greenhouse gas (GHG)
emissions between 2050 and 2100.

The Paris Agreement does not define climate objectives for each
Party, but rather asks in its Article 4 that each Party sets nationally
determined contributions (NDC). Concerning international aviation,
emissions are not accounted for in national inventories because of their
international nature, and are therefore not included in NDC’s. Said
otherwise, emissions from the international aviation sector are not cov-
ered by the Paris Agreement: the Kyoto protocol rather delegated this
responsibility to the International Civil Aviation Organization (ICAO),
the UN specialized agency for aviation.

The temperature target of Article 2 is set as a range of temperatures
whose upper bound (‘‘well below 2 °C’’) is only loosely defined. As it
will be seen below, it is important to keep this observation in mind
when assessing prospective scenarios, for instance for the aviation
sector, as every tenth of degree has a significant impact on emission
pathways. Pathways limiting global warming to 1.5 °C are very different
from those limiting global warming to 2 °C. Thus, it opens the possi-
bility for a wide range of scenarios that can claim to be compatible
with the Paris Agreement, depending on one’s interpretation of ‘‘well
below’’, all the more given the uncertainties that underlie estimates
of temperature increase. At any rate, scenarios only limiting global
warming to 2 °C are not compatible with the Paris Agreement.

The objective of Article 4 of the Paris Agreement rests upon the fact
that temperature increase can only be stopped if the atmospheric con-
centration of GHG ceases to increase. However, the eventual increase
in temperature crucially relies on the time at which this happens, and
also on the whole emission pathway before that.

1.2. IPCC and Paris Agreement

In order to make the link between emission pathways and the
goals of the Paris Agreement, the UNFCCC invited the IPCC to provide
a Special Report on the impacts of global warming of 1.5 °C above
pre-industrial levels and related global GHG emission pathway. The
IPCC accepted the UNFCCC’s invitation at its 43rd Session in 2016,
and published the Special Report Global Warming of 1.5 °C in 2018.
In addition to describing impacts and emission pathways related to a
global warming of 1.5 °C, this Special Report also offers a comparison
between impacts of global warming of 1.5 °C and 2 °C.

Although the Paris Agreement mentions reaching net zero GHG
emissions, the IPCC’s AR6, published in 2021–2022, stresses that ‘‘limit-
ing human-induced global warming to a specific level requires limiting
cumulative CO2 emissions, reaching at least net zero CO2 emissions,
along with strong reductions in other GHG emissions’’ [1]. In particu-
lar, emphasis is put on CO2 emissions and the need to reach carbon
neutrality, which is different from GHG neutrality, and other GHG
such as methane are treated separately. This separate treatment of CO2
and non-CO2 emissions has two main reasons. First, CO2 is the main
driver of global warming, being responsible for around 80% of the

temperature increase between 1750 and 2019 [4, Figure 7.7]. Second,
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Fig. 1. Illustration of how carbon budgets are computed. The black line gives the
linear relation between cumulative CO2 emissions and temperature increase (the slope
f this line is the central value of TCRE). The gray area illustrates the uncertainty
n the TCRE value. The figure illustrates also the way the non-CO2 contribution, the
otential additional warming after reaching net-zero and Earth system feedback are
ccounted for.
ource: From AR6, WGI, Figure 5.31 [7].

t is difficult to treat all climate forcers with a single metric, which owes
n part to the different persistence duration of different climate forcers.
oticeably, CO2 is a long-lived climate forcer, with around 20% of
mitted CO2 remaining in the atmosphere after 1000 years [5, Box6.1].2
n contrast, the lifetime of methane (CH4) is between 9 and 12 years,

which makes it a short-lived climate forcer, and that of nitrous oxide
(N2O) between 109 and 116 years [6, Table 2.2].

The notion of carbon budget quantifies the level at which cumula-
tive CO2 emissions need to be limited in order to maintain temperature
below certain thresholds. In AR6, remaining carbon budget is defined
as the maximum amount of cumulative net global anthropogenic CO2
missions expressed from a recent specified date that would result in
imiting global warming to a given level with a given probability, taking
nto account the effect of other anthropogenic climate forcers [7].

Fig. 1 illustrates the way carbon budgets are computed. It rests
pon a fundamental fact: despite change in global temperature being
egulated by complex processes, it is nearly linearly related with cu-
ulative emissions of CO2. The slope of the line is a critical parameter

o assess carbon budgets: it is called Transient Climate Response to
umulative Emissions of CO2 or TCRE. Its best estimate is 1.65 °C per
1000 PgC, corresponding to the black line in Fig. 1, with a likely range
of values between 1.0 °C and 2.3 °C [7], corresponding to the gray area
in Fig. 1. TCRE allows to convert emissions of CO2 into a change in
lobal temperature by considering various processes, namely terrestrial
nd oceanic carbon uptake, radiative forcing (RF) from CO2, and ocean
eat uptake.

Table 1 presents various carbon budgets for varying temperature
imit and TCRE percentile. We see for instance that the remaining
arbon budget from the beginning of 2020 is equal to 700GtCO2 for
67% likelihood of limiting global warming to 1.7 °C. It means that if

umulative net CO2 emissions amount to 700GtCO2 from 2020 to the
ear where net CO2 emissions reach zero, then there is 67% chance
hat temperature increase will be limited to 1.7 °C compared to the pre-
ndustrial period. Here the uncertainty is that of TCRE (the gray area

2 Excess of CO2 emitted in the atmosphere is characterized by multiple
esidence times, so that no lifetime is provided for CO in AR6.
3

2 r
Table 1
Different values of carbon budget for varying warming levels
and TCRE percentile. For instance, the remaining carbon budget
to limit global warming to + 1.7 °C with more that 67% of
success is equal to 700GtCO2.
Source: Adapted from IPCC, AR6, WGI, table 5.8 [7].
Remaining carbon budget starting from 1st of January 2020
by TCRE percentile and warming level

Warming since TCRE percentile

1850–1900 33% 50% 67%

+1.5 °C 650 500 400

+1.7 °C 1050 850 700

+2 °C 1700 1350 1150

in Fig. 1). Besides this uncertainty, there are four other variations and
uncertainties that may affect carbon budgets (see [7] for more details):

1. estimates of historical warming (vertical black arrow pointing
up in Fig. 1);

2. non-CO2 warming contribution (red arrow in Fig. 1);
3. the potential additional warming after a complete cessation of

net CO2 emissions (vertical black arrow pointing down in Fig. 1);
4. adjustments for additional Earth system feedbacks (horizontal

black arrow in Fig. 1).

t is important to keep in mind that these uncertainties may be signifi-
ant. For instance, the values of carbon budget reported in Table 1 do
ot take into account non-CO2 emissions such as methane emissions,
hich may increase or decrease by 220GtCO2 the corresponding carbon
udget. When combining the uncertainties related to TCRE, non-CO2
orcing and response, the level of non-CO2 mitigation and historical
arming, the IPCC concludes that ‘‘there is a small probability that

he remaining carbon budget for limiting warming to +1.5 °C since the
850—1900 period is effectively zero.’’

.3. Sharing carbon budgets among countries

The notion of carbon budget is defined at the global scale. NDCs
onstitute a mechanism designed to share this carbon budget in a
istributed manner among countries, but as every country sets its own
mission target, there is no guarantee that, once reconciled, the NDCs
ltogether will comply with the Paris Agreement objectives. In order
o make the NDCs converge towards achieving net zero emissions in
he second half of the century, the Paris Agreement set up a ‘‘ratchet
echanism’’ whereby ambitions are increased over time.

In these international negotiations, and also in public debate, the
uestion of equity is crucial as it is a key component to enable deeper
limate ambitions [8]. Equity is an ethical principle which has been
ndorsed by the UNCCC: it is recalled in the preamble and in various
rticles of the Paris Agreement, together with the principles of common
ut differentiated responsibilities and of respective capacities. Whether
n allocation of the carbon budget among countries is fair or not
navoidably rests on ethical premises. Three different equity principles
re proposed in [9], which echo those of the UNCCC: equality, re-
ponsibility and capability. Equality relies on the equality of all human
eings and points towards a per-capita division of the carbon budget;
esponsibility suggests to take into account the responsibility into the
urrent temperature increase, which is directly related to past cumu-
ative emissions [10]; and capability suggests to apportion effort, for
nstance to financial and technological capabilities. In Berg et al. [11],
wo other effort-sharing principles are considered: cost-based principles
nd the grandfathering approach (see below). These general principles
an be combined to create a wide range of possibilities, which lead
o very different allocations. The grandfathering approach tends to
ystematically favor wealthiest countries, while allocations based on

esponsibilities and capacities can lead to negative carbon budgets for
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the same countries [11], meaning that these countries have a ‘‘carbon
debt’’ towards other countries.

These equity principles do not cover the whole possible spectrum:
for instance, Dooley et al. [12] mention other principles such as need,
environmental and transitional justice, ecological debt, intergenera-
tional equity, survival emissions, progressivity, prioritarianism and
egalitarianism. These authors also stress that no choice can be con-
sidered as ‘‘neutral’’, and they point to the importance of making ex-
plicit the normative assumptions and values underlying the considered
allocation [12].

One approach is particularly discussed in the literature, namely
the grandfathering approach: in this approach, a country is allocated
a share of the carbon budget which is proportional to the share of
its emissions (whether current or historical). In a context of emission
reduction, this amounts to asking every country to diminish its emission
at the same relative speed, i.e., if global emissions need to decrease
by 5% per year to respect a given carbon budget, then, under the
grandfathering approach where current emissions are considered, every
country would need to make its emissions decrease by 5% per year. By
definition, this allocation can only be considered as just if the existing
share of emissions is also fair. Moreover, this allocation goes against
the principle of differentiated responsibilities (because it rather favors
countries with an important share of emissions) and does not consider
people’s needs. Actually, this approach is mainly justified by pragmat-
ical reasons, for instance by the necessity to include grandfathering at
the start of a scheme that could be strengthened later, or because of
the priority to avert catastrophic climate change over fairness consid-
erations [13]. At any rate, the grandfathering approach is not based
on equity principles, and considering it as an equity principle is even
considered by some authors as ‘‘morally perverse’’ [12,14].

1.4. Sharing carbon budgets among business sectors

The works discussed above have studied the fairness of various
allocation and effort-sharing schemes. However, they focus on sharing
the carbon budget between countries and so leave open the question
on how to apply these ideas to business sectors such as aviation. This
question has actually been considered in another stream of work on
absolute environmental sustainability [15]. The goal of absolute envi-
ronmental sustainability is to assess whether the impact of a particular
unit (country, business sector, etc.) is absolutely sustainable or not,
by comparing its environmental impact to absolute thresholds. For in-
stance, the carbon budget approach is a particular example of absolute
environmental sustainability assessment, but the scope may be much
larger, e.g., by considering the planetary boundaries framework [16].
In this context, what is to be shared is the safe operating space (instead
of the carbon budget), and the step of sharing this safe operating space
is called downscaling. Applications in various fields can be found in the
iterature. For instance, studies have been performed in chemistry [17],
uilding [18], electricity production in the United States [19] and road
ransport [20].

A review of various sharing principles is performed in [21] in
he context of distributive justice theory. This review includes seven
cademic papers assessing the absolute environmental sustainability of
ndustry sectors, products or companies rather than countries. One of
he important insight is that, when considering a particular sharing
rinciple, the target of distribution should be well-defined. And even
hough one may share the carbon budget between units which may not
irectly relate to a group of human beings (like a business sector, and
ot a country, such as aviation), distribution among individual human
eings should be the target because it is individual human beings that
re ultimately the center of the reasoning. As the authors of [21]
ut it, ‘‘when we owe something to a country it is because we owe
omething to its inhabitants, when we owe something to a company it
s because we owe something to its users.’’ So even though we switch
4

rom allocating a share of the carbon budget to a country to allocating a
a share of the carbon budget to a business sector, the target remains
the same, namely human beings.

These discussions show that insight obtained on sharing a carbon
budget between countries can be considered for sharing a carbon
budget between business sectors. However, comparisons should be
made with caution because of the many methodological differences
in allocations between countries and sectors. Indeed, it is difficult to
make an ethical comparison between a car user and an airplane user
for example. As a consequence, in the case of business sectors, the use
of other effort-sharing principles for performing allocations could bring
other relevant insights. In addition to the grandfathering approach
detailed in Section 1.3, numerous approaches can be used [22–24]:
ability to pay, cost-effectiveness, cost-benefit, demand-based (using for
instance proportional or constrained equal losses rule for sharing the
carbon budget), etc. For instance, economic approaches have the ad-
vantage of being able to allocate efforts to minimize costs or maximize
benefits when prioritizing technological solutions. Similarly, demand-
based approaches can make it possible to identify the estimated efforts
achievable by each business sector, and to manage possible allocation
conflicts via different sharing rules.

1.5. Sustainable aviation in the context of the Paris Agreement

Following these discussions on business sector allocations, many
questions arise regarding the application to the specific sector of avi-
ation. As a consequence, there has recently been a surge of reports
and academic papers trying to assess the climate impact of aviation
transition scenarios. Compared to other business sectors, there are two
reasons why aviation may deserve a particular treatment:

1. emissions from international aviation are not accounted for in
national carbon inventories and are thus not covered by NDCs
(note that, as mentioned above, emissions from domestic avi-
ation are). This is a significant problem, as emissions from
international aviation account for nearly 60% of emissions from
passenger commercial aviation [25];

2. aviation non-CO2 climate impacts are at least as significant as its
CO2 impacts (see Section 2 below): thus, only considering CO2
emissions ignores a significant part (even probably the major
part) of its climate impact.

For these reasons, various methodologies have been developed in
order to assess the compatibility of aviation transition scenarios with
the Paris Agreement. As a consequence, the motivation of this paper
is to assess whether a given transition scenario for the aviation sector
could be considered as sustainable in the context of the Paris Agree-
ment. Addressing this question relies on a broad range of concepts and
the main objective of the present paper is to review them.

The rest of the paper is organized as follows. First, an overview of
the impact of aviation on climate change is given in Section 2. Then,
Section 3 provides a specific Kaya identity for aviation. It allows to in-
troduce the main levers of action for reducing aviation CO2 emissions.
Thus, the next two sections focus on each of the two technological
levers and consider their potential evolution by 2050: the efficiency
levers in Section 4 and the fuel decarbonization levers in Section 5.
However, the last lever of the Kaya identity, namely traffic, will not be
discussed here because it depends on economic, political and societal
choices which fall outside the scope of this paper. Then, Section 6
provides a review on the potential technological solutions for reducing
non-CO2 effects, even if these aspects cannot be analyzed using the
Kaya identity, due to its very construction. Based on the previous
elements and a dedicated literature review on sustainable prospective
scenarios for air transport, Section 7 deals with the main issues intro-
uced previously concerning the inclusion of the Paris Agreement in
he transition scenarios for the aviation sector. This section highlights
he different methodologies used in the academic field for simulating

nd evaluating the climate sustainability of aviation scenarios. To
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Fig. 2. Schematic view of the different processes by which aviation contributes to
limate change, after Lee et al. [26].

go further, Section 8 discusses specific elements concerning aviation
transition. This section allows to study the climate and energy sustain-
ability of some illustrative prospective scenarios. A discussion on the
consequences of climate change on air transport as well as on possible
pitfalls of prospective scenarios is also conducted. Finally, conclusions
and perspectives are given in Section 9.

2. Climate impact of aviation

In this section, the impact of aviation on climate is described and
quantified. A comparison is also provided between the CO2 effects and
non-CO2 effects as well as a discussion on the uncertainties.

2.1. A dual contribution to climate change

The aviation sector contributes to the increase in global warming
through multiple mechanisms illustrated in Fig. 2 that are generally
grouped in two categories, namely the CO2 and non-CO2 effects [26].

2.1.1. CO2 effects
The CO2 effects correspond to CO2 emissions from aviation, the di-

rect climate impact of which is reinforcement of the greenhouse effect.
Most of CO2 emissions come from the combustion of the kerosene by
the aircraft engines, but the scope can be larger. For instance, well-to-
tank CO2 emissions occurring in the upstream part of the jet fuel life
cycle also occur. As will be seen in Section 5, these emissions must
also be taken into when comparing fossil kerosene to potential low-
carbon alternative energy carriers. These emissions include emissions
related to its production, refining and transport [27,28]. Moreover,
CO2 emissions occurring throughout the aircraft’s life cycle, related
to its construction, maintenance and end of life and related to airport
infrastructures, must be also included but these emissions are small and
represent only a few percent of all CO2 emissions from aviation [29].

2.1.2. Non-CO2 effects
The impact of aviation on climate is not limited to CO2 emissions,

as kerosene combustion releases other products, especially water vapor
and aerosols which contribute to contrail formation. Depending on
the flight phase, kerosene combustion may also emit nitrous oxide
5

(N2O) and methane (CH4) but these emissions overall represent less
than 1% of CO2-eq emissions3 and are therefore usually left out. In
addition to the effects of these GHG, five non-CO2 effects illustrated in
Fig. 2 are also contributing to aviation climate impact: cirrus formation
caused by condensation trails (contrail cirrus of Fig. 2), the effect of
nitrogen oxides (NOx) and water vapor on GHG concentrations, aerosol-
radiation interactions and aerosol-cloud interactions. These effects are
well documented in the literature and are only briefly described here,
the reader is referred to the review of Lee et al. [26] for further details.

Condensation trails, or contrails, are thin linear clouds of ice par-
ticles which can be seen behind flying aircraft [30]. The formation and
persistence of contrails depend on the ambient atmospheric conditions
(temperature and relative humidity) and the mixing line of the plume
air, defined by the revised Schmidt–Appleman criterion [31] which
stablishes the threshold temperature of contrail formation. Therefore,
or contrails to form and persist, the mixing line of plume air must
ass through the region of supersaturation with respect to liquid water
nd the ambient atmospheric water vapor must be both subsaturated
ith respect to liquid water and supersaturated with respect to ice. In
ry air with a low relative humidity relative to ice, a contrail does not
urvive for more than a few minutes. But in ice supersaturated regions,
he ice particles of the contrail grow by deposition of ambient water
olecules and the contrail can persist, or even develop into induced-

irrus clouds difficult to distinguish from natural cirrus clouds. Aircraft
pend 10 to 15% of their cruising time in such regions [32–34], and
bout 5% of the kerosene spent is burned in these regions [35]. These
nduced cirrus clouds increase the global cloudiness and have an overall
arming effect [26].

The high combustion temperature produces nitrogen oxides which
nduce chemical reactions having effect on local concentration of three
HG, namely ozone (O3), methane and water vapor. In the short-term,
Ox react with the oxygen in the air to form O3 and, concurrently,
articipate in the reduction of the life time and local concentration of
H4. In the longer term, the reduction of CH4 leads to a decrease in
tratospheric O3 and water vapor. When all these reactions are taken
nto account, it appears that the NOx contribution currently constitutes
warming effect [26].

Planes fly at an average altitude of 10 000m, a region which cor-
esponds to the lower stratosphere at high latitudes where a large
art of global aircraft fleet yearly emissions are produced, mainly in
he northern hemisphere. The accumulation of the associated water
apor emissions modifies the water content in the lower stratosphere
nd therefore the water vapor radiation balance leading to a warming
ffect [26].
Aerosol-radiation interactions are caused by non-volatile par-

iculate matter emitted during combustion, mainly soot and aerosols
recursor of both sulfate (SO2-

4 ) and nitrate (NO-
3). Soot aerosols are

ormed by the condensation of unburnt aromatic compounds in the
ombustion chamber and sulfate aerosol by oxidation of sulfur con-
ained in the fuel. Most sulfate aerosols are produced after emission
f compounds precursor of sulfur by oxidation in the ambient air. The
oot absorbs shortwave radiation which leads to net warming, and the
ulfate aerosol diffuses incoming shortwave radiation which leads to
et cooling. For instance, global aviation emissions in 2000 increased
he mass concentration of soot and sulfate aerosols by 3%–5% and the
otal concentration of aerosols by 10%–30% at the main flight levels in
he Northern Hemisphere [36].
Aerosol-cloud interactions are processes by which aerosols in-

luence cloud formation. Cloud droplets and ice crystals nucleate on
erosols such as soot and sulfate particles from planes. Sulfate aerosols
ainly affect liquid clouds in the background atmosphere. They are
ighly effective as cloud condensation nuclei for the formation of liquid
louds and also promote the freezing of particles of solution at cold

3 See the note FCCC/SBST A/2005/INF.2 by the Subsidiary Body for
Scientific and Technological Advice for example.

https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
https://unfccc.int/sites/default/files/resource/docs/2005/sbsta/eng/inf02.pdf
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Fig. 3. Distribution of CO2 emissions from global aviation in 2018 according to the
type of aviation. After figure 1 of Gössling and Humpe [39].

temperatures, leading to ice cloud nucleation. There are very large
uncertainties regarding the assessment of their effect on climate and
there is even no scientific consensus whether they induce a warming
or cooling effect [26]. This point is discussed in Section 2.4 below.

2.2. Evaluation of the climate impact of aviation

Several approaches can be used to evaluate the climate impact of
aviation depending on the methodology and the scope considered. Note
that here, we focus on global estimates, whereas methodologies have
been proposed to estimated the climate impact of single flights [37].
Only evaluating CO2 effects is a robust method as CO2 emissions are
known with a low level of uncertainty, but are incomplete because
non-CO2 effects are not included. The impact of aviation is first evalu-
ated through CO2 effects only before providing a more comprehensive

ethod, including non-CO2 effects.

2.2.1. Evaluation of CO2 effects
Aviation CO2 emissions can be evaluated from the energy con-

umption of the aviation sector provided by the IEA. What this data
overs contains some ambiguity. Since 2006, the IEA demands that
erosene for military aviation not be reported with kerosene for com-
ercial aviation, but also declares not to be sure if this demand is

ollowed [38]. Therefore, the 1.05GtCO2 reported for 2018 in Table 2
o not in principle include military aviation. Nevertheless, this value is
sed by Lee et al. who study global aviation (i.e., commercial, military
nd private aviation), and it is also comparable to the 1046MtCO2
or global aviation estimated by Gössling and Humpe [39]. This is
hy we consider that the figures taken from the IEA correspond to
lobal aviation which includes commercial aviation (Revenue Passen-
ers (PAX) and Revenue Tonne-Kilometers (RTK)) as well as military
nd private aviation. As illustrated in Fig. 3, commercial aviation is
stimated to have accounted for 88% of CO2 emissions from global
viation in 2018, compared to 8% and 4% for military and private
viation, respectively [39]. Given the few data available for military
nd private aviation, this figure bears a high uncertainty. In the present
aper, the focus is made on commercial aviation because it represents
he major contribution to the climate impact of global aviation and
ecause it is more relevant to focus on commercial aviation to evaluate
rospective scenarios. Indeed, assumptions will be made for example on
he traffic evolution, technological improvements or aircraft load factor
n the following of the paper. These assumptions concern commercial
viation alone and their application to military and private aviation
s not relevant because their traffic and efficiency evolution obeys to

different rationale. Nevertheless, military and private aviation will
6

ometimes be included in the estimation presented in this section.
Fig. 4. Change in past and recent shares (yearly) of aviation in global CO2 emissions
over the period 1940–2020. The past share (in blue) corresponds to the value for
cumulative emissions from aviation since 1750 divided by the cumulative global ones
over the same period. The annual share (in red) corresponds to the value for annual
emissions from aviation divided by the value of global annual emissions. Calculations
based on data from [41] for CO2 anthropogenic emissions, and data from [42] (period
1940–1972) and from the IEA (period 1973–2020) for aviation CO2 emissions.

The conversion of energy consumption into CO2 emissions requires
the knowledge of the carbon intensity of kerosene. The carbon intensity
of its combustion is known with a small uncertainty of 1% to 2% [26,
28]. In their recent review, Jing et al. [28] reported values ranging from
72.8 to 75.4 gCO2-eq∕MJ with a weighted average of 74.0 gCO2-eq∕MJ.
This is the value retained here for the carbon intensity of kerosene
and it is consistent with the values provided by Stratton et al. [27]
or Lee et al. [26]. Concerning the emissions over the full life cycle of
kerosene, the weighted average of 88.7 gCO2-eq∕MJ obtained by Jing
et al. [28] over the range 81.1 to 94.8 gCO2-eq∕MJ is used here. This
figure is slightly higher than the baseline value from table S6 in Stratton
et al. [27] (87.5 gCO2-eq∕MJ) but slightly lower than those used by the
ICAO (89 gCO2-eq∕MJ)4 or by the European Union (EU) via its RED II
program (94 gCO2-eq∕MJ) [40, p26].

In 2019, global aviation emitted 1.07GtCO2 through kerosene com-
bustion, which represented 2.6% of total anthropogenic CO2 emis-
sions, including emissions related to land use, which amounted to
41.64GtCO2 [41]. This share of 2.6% will be taken as a reference
value when discussing the influence of traffic evolution and of global
and aviation climate objectives in Section 8.1. Keeping the same ref-
erence year of 2019 but reducing the scope to commercial aviation
and taking into account well-to-tank emissions, aviation CO2 emissions
epresented 2.8% of total anthropogenic emissions. Now, if the focus is
ade on the cumulative historical impact from 1750, date commonly

onsidered to be the start of the preindustrial era and taken as climate
eference, CO2 emissions from global aviation represented 1.4% of

total anthropogenic emissions between 1750 and 2018, see Table 2.
Here and elsewhere, values corresponding to historical emissions are
computed by only considering emissions from the combustion because
no historical data is available concerning well-to-tank emissions. In
the long run, the share of aviation emissions, both when considering
historical and annual emissions, has been increasing from 1940 as
illustrated in Fig. 4, with a sudden drop in annual share in 2020 due to
the COVID-19 crisis, but which is probably not significant for long-term
trends. Moreover, the share of aviation in cumulative CO2 emissions
is lower than its current share which highlights the fact that aviation
emissions have increased more rapidly than those of other sectors. It
can also be explained by the fact that emissions from the aviation sector
only began in 1940, year commonly taken as reference for estimating
its climate impact. Over the period 1940–2018, emissions from the

4 EASA, Sustainable Aviation Fuels, accessed on March 10th 2023.

https://www.iea.org/sankey/#?c=World&s=Final%20consumption
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
https://www.easa.europa.eu/eaer/climate-change/sustainable-aviation-fuels
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Table 2
Assessment of the climate impact of aviation for various scopes.
Period CO2 ERF

Aviation
CO2 emissions
(GtCO2)

% of global
CO2 emissions

Aviation ERF
(mWm−2)

% of global
ERF

Global aviation, only combustion

1750–2018 32.92 1.4% 100.9 3.8%
2000–2018 15.32 2.2% 44.2 4.8%
2018 1.05 2.4% 2.5 —

Commercial aviation, full life cycle

2000–2018 16.49 2.4% 47.6 5.1%
2018 1.13 2.8% 4.2 —
aviation sector represented 1.8% of total emissions, which is effectively
more than 1.4% over the period 1750–2018.

2.2.2. Evaluation of CO2 and non-CO2 effects
To estimate the climate impact of aviation by including both CO2

and non-CO2 effects, the results of Lee et al. [26] are used to evaluate
this impact in terms of effective radiative forcing (ERF). The ERF, given
in Wm−2, consists in evaluating the influence of a given climate forcer
on the climate system by allowing adjustments for all variables except
for the global mean surface temperature, the ocean temperature and
the sea ice cover [43]. Introduced by the IPCC in its Fifth Assessment
Report (AR5), it provides a better assessment of the climate impact of
forcers that are heterogeneously distributed in space such as contrail-
induced cirrus, compared to the measure of radiative forcing (RF) [26].
The RF is obtained when adjustments are allowed only for stratospheric
temperatures [43].

Lee et al. [26] calculated that between 1750 and 2018, global
aviation induced an ERF of 100.9mWm−2 [55–145].5,6 Fig. 5 details
ow this value is distributed between CO2 effects and the five non-
O2 effects mentioned in Section 2.1.2. It appears that non-CO2 effects
re preponderant and are responsible for two thirds of the ERF of
viation, i.e. 66.6mWm−2 [21–121], whereas CO2 effects contribute for
4.3mWm−2 [28–40]. Contrails cirrus and NOx are the predominant
on-CO2 effects and they respectively induced an ERF of 57.4mWm−2

17–98] and 17.5mWm−2 [0.6–29]. Non-CO2 effects are by nature var-
ed and more difficult to evaluate than CO2 effects. They are the main
ource of uncertainties for evaluating the climate impact of aviation,
nd the interactions between aerosols and clouds are not yet sufficiently
ell understood to be taken into account. These uncertainties are

eported in Fig. 5 and are discussed in more detail, together with
n-going research, in Section 2.4.

Using the recent anthropogenic radiative forcing value, estimated
t 2.66Wm−2 between 1750 and 2018 [4], the aviation has been
esponsible for 3.8% of global warming over the same period.7

Using the values of the anthropogenic ERF together with the values
f aviation-induced ERF given by Lee et al. [26] for each year between
000 and 2018, it is possible to plot the variation in the aviation’s
hare of the total anthropogenic ERF given in Fig. 6. It exhibits a very
ifferent behavior from the corresponding curve for CO2 emissions in
ig. 4. Whereas for CO2 effects, past impact increases almost linearly
ver time, thus reflecting the cumulative nature of CO2, the past impact

5 This range corresponds to the 90% confidence interval around the me-
ian value of 100.9mWm−2, indicating that the true figure lies in between
5mWm−2 and 145mWm−2 with a 90% probability.

6 As mentioned previously, values for historical impacts only consider
O2 emissions due to kerosene combustion: because of lack of historical data,
ell-to-tank CO2 emissions are not considered.
7 When Lee et al. made their estimations, the anthropogenic radiative

orcing value was only known up to 2011. Over the period 1750–2011, they
hus estimated that aviation had been responsible for 3.5% [3.4–4.0] of global
7

arming.
Fig. 5. Breakdown of radiative forcing terms due to global aviation from 1940 to
2018. The bars and whiskers show the best estimates for radiative forcing and 90%
confidence intervals respectively. The red bars show the warming terms and the blue
bars the cooling terms. According to figure 3 (and its caption) by Lee et al. [26].

Fig. 6. The blue line represents for each year the share of aviation in ERF calculated
since 1750. For instance, the value of the curve in 2010 corresponds to the ratio
between the ERF due to aviation between 1750 and 2010, divided by global ERF over
the same period. The dashed red line, situated at 4.8%, represents the share of ERF
due to aviation over the period 2000–2018, which shows that the share of aviation in
ERF increase is higher over recent rather than longer periods. Calculations based on
data from Lee et al. [26] for ERF values from aviation, and from the IPCC Working
Group I AR6 for anthropogenic ERF values [4].

aviation in terms of ERF has fluctuated since 2001. Even if no clear
trend comes out over the period 2000–2018, it is nevertheless possible
to calculate a mean share over this period where aviation represented
4.8% of the increase in ERF, a value higher than the 3.8% over the
period 1750–2018. Finally, reducing the scope to commercial aviation
and considering the full life-cycle, the share of ERF due to commercial
aviation over the recent period 2000–2018 amounts to 5.1%.
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Fig. 7. The blue curve shows the annual variation rate in ERF from aviation, the yellow
curve shows the annual variation rate in ERF from aviation due to CO2 effects only,
and the red curve shows the variation in traffic (measured in AKM) between 2001 and
2018. Calculations based on data from Lee et al. [26] (blue and yellow curves) and
on data from ICAO (red curve).

2.3. Comparison of CO2 and non-CO2 effects

One fundamental difference between CO2 effects and non-CO2 ef-
ects stems from their different characteristic time scales. When part
f the CO2 emitted remains in the atmosphere for centuries [5,44],
ontrail cirrus persist for a few days at most [33,45] and aerosols
emain in the atmosphere at most a year (and maximum one month
f they are emitted in the troposphere) [46]. As a result, the impact
f CO2 effects is cumulative and over the long-term, whereas the
mpact of non-CO2 effects is instantaneous and over the short-term.
herefore, the variation in the impact of non-CO2 effects depends
reatly on variation in traffic and their impact can change significantly
ver time, whereas, due to their cumulative and long-term nature,
O2 effects are considerably less sensitive to short-term variations in
raffic. This correlation between the change in impact of non-CO2 ef-
ects with the evolution in traffic is illustrated in Fig. 7 which shows
he evolution in annual variation rates in ERF from aviation and traffic
measured in aircraft-kilometers noted AKM). It underlines the very
trong correlation between the variation in traffic and the variation
n the total ERF from aviation which is dominated by the short-lived
on-CO2 effects. On the contrary, the annual variation rate of ERF due
o CO2 effects is very stable because of their cumulative effect. Over
his period, the traffic decreased twice in 2002 and 2009 and aviation
emporarily contributed to the decrease in ERF. Conversely, in 2004,
raffic increased by 13% and the climate impact from aviation by 8%.
n addition to the change in air traffic, specific strategies, described in
etail in Section 6, could also enable a possible decrease of the ERF
nduced by these non-CO2 effects.

.4. Narrowing uncertainties

The uncertainties on ERF values shown in Fig. 5 are mainly due to
on-CO2 effects, especially the effect on radiative forcing from cirrus
aused by contrails but also NOx. Those associated to aerosol-cloud
nteractions are so large, with ERF values spanning a large range from
500mWm−2 to 300mWm−2, that these effects are not included in

he assessment provided by Lee et al. [26] on which the previous
iscussion has been based. Here we complement this discussion and
oint to subsequent work to [26] which may affect some of its results,
8

ssentially by narrowing uncertainties. p
.4.1. Aerosol-cloud interactions
Regarding aerosol-cloud interaction, no best estimate was given by

ee et al. due to the wide range of values reported. Subsequently,
ärcher et al. [47] showed that extreme (positive and negative) values
f the impact on RF of the aerosol-cloud interactions were probably
verestimated. Even if they do not give a RF estimate, they conclude
hat the impact of aerosol-cloud interactions due to soot emissions is
ikely to be much lower than that due to contrail cirrus, and may even
e insignificant. A similar conclusion is reached by Zhu et al. [48] by
omparing the radiative properties of cirrus clouds during the travel
estrictions due to the COVID-19 pandemic to the ones before it. When
oot emission is reduced, they observe a significant increase in ice
rystal number concentrations, which leads to a rather small positive
adiative effect.

.4.2. NOx
Regarding NOx, Grewe et al. [49] raise a methodological issue

or estimating the impact of NOx, and claim that assessments should
take into account the non-linear aspect of the chemical system within
which these emissions occur. According to them, not taking the non-
linearity into account underestimates the impact of NOx. Moreover, for
the future, the effect of atmospheric background concentration could
change the climate impact of NOx emissions (see Section 6.1 for more
details).

2.4.3. Contrails
The evaluation of the climate impact of contrails is very difficult

because it requires an understanding of a wide range of complex
phenomena such as the creation of contrail cirrus, their extent and
life time, their optical properties and also other phenomena such as
the interaction with natural clouds. The assessment provided by Lee
et al. relies on numerical models because, until recently, limited data
was available for direct measurements. However, the situation evolved
significantly following the collapse of air traffic due to the COVID-
19 pandemic. This event represented an unprecedented opportunity to
validate the models against observation by comparing situations with
and (almost) without aviation. Several research teams have tried to
assess the difference in cirrus coverage and optical thickness during the
almost complete shutdown of air traffic in the couple of months after
March 2020 [50–54]. The results are contrasted: for instance, while
Quaas et al. [53] detect a perceptible impact of air traffic reduction
on cirrus coverage at the 20% Northern Hemisphere mid-latitudes with
a measured reduction of ∼9 ± 1.5% on average, Digby et al. [50]
onclude that no global response was detected through satellite ob-
ervations of cirrus cloud following the strong traffic decrease during
pring 2020.

A direct comparison of these papers is delicate because they con-
ider different scopes and use different methodologies. Further research
herefore seems necessary in order to reach a consensus. Concerning
eassessment of contrail cirrus impact on ERF with this new data,
ettelman et al. [55] find an ERF median estimate of 62mWm−2 [3–

121] in line with the estimate of Lee et al. but with a larger confidence
interval. Similarly, Schumann et al. [56] find a net RF of 142.2mWm−2

which correspond to an ERF of 59.7mWm−2 if the ratio ERF∕RF = 0.42
given by Lee et al. is used. However, the study by Quaas et al. [53]
concludes with a best estimate of net RF of 62mWm−2 [22–100].
Still with a ratio ERF∕RF = 0.42, this corresponds to an estimate of
25.6mWm−2 [9.2–42] in terms of ERF, which is two times lower than
the estimate of Lee et al. Finally, although this is not the heart of
Digby et al.’s paper [50], they also provide a back-of-the-envelope8

estimate of the ERF of contrail cirrus, and come up with a best estimate
of 8mWm−2 [-3–22]. This result suggests that the climate impact of

8 The authors explicitly mention that their ‘‘results should not be treated as
urely quantitative.’’

https://www.airlines.org/dataset/world-airlines-traffic-and-capacity/
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Table 3
Summary of all terms involved in the Kaya equations (1) and (2): name and unit, description, associated levers for CO2 mitigation and evolution
over the period 1973–2019.
Term of Kaya
equations

Name (unit) Description Lever Evolution
(1973–2019)

General Kaya equation (1)

CO2 CO2 emissions
(MtCO2)

Aviation CO2 emissions All levers +184%

CO2

E Carbon intensity
(MtCO2∕EJ)

Quantity of CO2 released per
unit of energy

Fuel 0%

E
RPK Energy intensity

(EJ∕RPK)
Quantity of energy used for a
passenger to travel one
kilometer

Aircraft efficiency,
operations, load, size

−80%

RPK Traffic (RPK) Global traffic Demand-based
mitigation

+1302%

Kaya equation for the energy intensity (2)
E

AKM Energy intensity
(EJ∕AKM)

Quantity of energy used for an
aircraft to travel one kilometer

Aircraft efficiency,
operations

−62%

E
ASK Energy intensity

(EJ∕ASK)
Quantity of energy used for a
seat to travel one kilometer

Aircraft efficiency,
operations

−71%

ASK
ASM Size (ASK/AKM) Number of seats per aircraft Size +31%

RPK
ASK Load (RPK/ASK) Passenger load factor Load +43%
contrail cirrus could be much weaker than the best estimate of Lee et al.
being 2 to 7 times smaller and corresponding to the lowest values of Lee
et al.’s confidence interval. To conclude this discussion on the climate
impact of contrails, it is interesting to mention the work of Wilhelm
et al. [57] which shows that weather variability has a strong impact
on contrails instantaneous radiative forcing, and concludes that ‘‘there
is a fundamental limit to the precision with which the RF and ERF of
contrail cirrus can be determined’’.

3. CO2 mitigation: Kaya decomposition adapted to aviation for
dentifying levers

As mentioned in Section 2, aviation has a dual contribution to cli-
ate change. Focusing on the CO2 emissions of the aviation sector, the
aya identity provides a useful conceptual tool to identify the different
ction levers for reducing CO2 emissions. Originally introduced by the
apanese economist Yoichi Kaya in 1993 [58] to break down global
O2 emissions in four different factors, several adaptations have been
roposed in the literature [59–64]. An example used hereinafter is
iven by the following equation:

O2 =
CO2

E × E
RPK × RPK (1)

here the three factors CO2
E , E

RPK and RPK detailed in Table 3 corre-
pond respectively to the fuel carbon intensity which is the quantity of
O2 released per unit of energy,9 the aircraft energy intensity per RPK
hich is the quantity of energy used for a passenger to travel one kilo-
eter and the traffic which measures the distance traveled yearly by all
assengers in Revenue Passenger Kilometer (RPK). This decomposition,
nd the levers identified in Table 3, may give the impression that one
an consider the evolution of these terms independently but this is not
ecessarily the case. An important example is that of traffic, which
omewhat correlates with many other terms. For instance, a decrease in
ir traffic can lead to a smaller fleet, for which it is easier to decarbonize
he fuel (lower need for alternative fuels) or to improve the energy
ntensity (e.g. simpler air traffic management).

The historical change in CO2 emissions from the aviation sector with
respect to the Kaya identity (1) is given in Fig. 8 for the period 1973–
2020. The constant carbon intensity reflects the fact that jet fuel burnt

9 In this decomposition, only the CO2 emitted during combustion of
kerosene is considered due to missing historical data on upstream emissions.
9

by aircraft engines has remained the same since 1973. Excluding year
2020 which stands as a singularity due to COVID-19 pandemic and
is clearly visible in Fig. 8, energy intensity has decreased by 80% in
47 years which corresponds to an average improvement of 3.4% per
year. As shown in Fig. 8, this decrease is not constant, annual gains
ranging from 2.1% to 6.1% depending on the decade. These drops in
consumption per RPK were obtained through technological improve-
ments in terms of aerodynamics, propulsion, aircraft weight, aircraft
systems and operations (including the increase of the load factor). This
improvement in energy efficiency in the aviation sector is more than
twice as high as the global average of 1.5% per year calculated for all
business sectors over the period 1990–2018 [65]. Nevertheless, in the
same lapse of time, the traffic increased a lot more rapidly, at an annual
pace of 5.6%, increasing therefore from 618 billion RPK in 1973 to 8281
billion RPK in 2019. This eventually led to an increase in CO2 emissions
of 184% between 1973 and 2019. This phenomenon is a consequence
of the rebound effect, highlighted from 1865 by the economist William
Stanley Jevons [66]. This paradox stipulates that efficiency gains can
lead to an overall increase in resources consumed instead of a decrease
as one might expect, as a result of the increase in existing uses and/or
the development of new uses made possible by improving efficiency
and reducing costs.

It is possible to refine further the Kaya identity (1) by breaking
down the energy intensity term as follows

E
RPK = E

ASK × ASK
RPK = E

AKM × AKM
ASK × ASK

RPK (2)

where four new levers described in Table 3 appear: the load factor RPK
ASK

(with ASK the Available Seat-Kilometers), the aircraft capacity ASK
AKM ,

the energy intensity E
AKM for an aircraft to fly one kilometer and the

energy intensity E
ASK for a seat to travel one kilometer. The evolution

of these different terms since 1973 is given in Fig. 9 which shows that
the improvement in energy efficiency per passenger ensue from the
evolution towards larger, more loaded and more efficient aircraft. Note
that, except for the size, the trends are rather monotone. Moreover, we
can see the difference in compound rates by decade between Figs. 8
and 9. Indeed, the compound rates for the energy intensity per ASK are
smaller (in absolute values) than that for the energy intensity per RPK
because the latter is also affected by improvement in the load factor
RPK/ASK, which has increased by 43% between 1973 and 2019.

This Kaya identity highlights two technological factors for reducing
CO emissions from the aviation sector in addition to the evolution
2
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Fig. 8. Change in the terms of the Kaya identity (1) for aviation emissions between
973 and 2020, normalized by their values in 1973. The energy intensity (E/RPK)
nnual variation compound rate is shown for each decade in red: a negative rate
orresponds to a decrease in energy intensity, and thus an increase in energy efficiency.
alculations based on data from the IEA and the ICAO. The carbon intensity of the jet

uel is taken as 74.0 gCO2-eq∕MJ [28].

Fig. 9. Change in the terms of the Kaya identity (2) for energy intensity per passenger
etween 1973 and 2020, normalized by their values in 1973. The energy intensity
E/ASK, instead of E/RPK as in Fig. 8) annual variation compound rate is shown for
ach decade in green: a negative rate corresponds to a decrease in energy intensity,
nd thus an increase in energy efficiency. Calculations based on data from the IEA and
he ICAO.

f the air traffic. On the one hand, the efficiency of the aircraft fleet
an be improved by reducing the energy intensity E

RPK . These gains
n efficiency can be split into different factors according to Eq. (2),
howing for instance the importance of the term E

ASK related to aircraft
architectures and their operations. On the other hand, the reduction of
CO2 emissions can be achieved by decreasing the carbon intensity CO2

E
of the energy used by the aircraft fleet. These two levers of action are
studied in sections 4 and 5 respectively.

4. CO2 mitigation: efficiency levers

As shown in Section 3, one lever for reducing CO2 emissions consists
in reducing the energy intensity of the aircraft fleet, in other words,
10
improving its efficiency. In this section, a focus is made on efficiency
gains from aircraft technologies. However, efficiency gains from load
factor and operation improvements are not reviewed in this paper, but
the corresponding potential gains are discussed in Section 8.1. More
specifically concerning operations, the reader may refer to the works of
Alfonso et al. [67] which provide an overview of the key concepts for
improving operations, such as flight scheduling, formation flight, trajec-
tory optimization, continuous climb and descent operations, all-electric
ground operations and synergies with airports.

This section on efficiency levers aims to provide a review of aircraft
technology to build representative scenarios for estimating aircraft effi-
ciency gains at the fleet level in Section 4.3. For this purpose, incremen-
tal technologies (Section 4.1) and disruptive technologies (Section 4.2)
are considered separately because they will be mature at different
time horizons and therefore will not contribute in the same manner
to improving fleet energy efficiency by 2050. Indeed, new technologies
can be characterized by their Entry-Into-Service (EIS) and/or Technol-
ogy Readiness Level (TRL)10 to assess when they could potentially be
deployed and produce an effect. Incremental technologies are reviewed
and sorted with respect to the decade when their EIS can occur. For
disruptive technologies their possible EIS is more uncertain, therefore
emphasis is placed on retrieving possible intervals from the literature.
Furthermore, the size and type of aircraft for which a given technology
is underlined, when possible.

4.1. Incremental aircraft technologies

This part aims at identifying the incremental technologies for each
of the typical disciplines of an aircraft: propulsion, aerodynamics,
structure and systems.

4.1.1. Engines
Improving engine efficiency, which can be measured by the de-

crease in Specific Fuel Consumption (SFC), relies on gains in both
thermal efficiency and propulsive efficiency, the product of which de-
fines thermopropulsive efficiency. A gain in thermal efficiency depends
on the efficiency improvement of the thermodynamic cycle via the
components of the turbomachinery (compressor, combustion chamber
and turbine). A gain in propulsive efficiency consists in decreasing
the residual kinetic energy in the exhaust jet. The highest propulsive
efficiency is reached when the difference between gas jet speed and
flight speed is as small as possible. The objective is therefore to generate
a high air flow rate with the minimum speed difference with respect to
the aircraft speed, and this is the role the fan plays in turbofan en-
gines. The efficiency of current engines, without significant disruptive
technology, can still be improved, primarily by increasing the bypass
ratio and the temperature at the combustion chamber outlet.

However, technological limits are being reached. For example, the
materials used to make turbine blades are already highly complex
(titanium alloys) but do not alone ensure blade resistance to extreme
temperatures at the combustion chamber outlet (of around 1800K
o 2000K), which exceed the metal alloy melting temperature [68].
t is therefore necessary to cool the first stages of the high-pressure
urbine at the combustion chamber outlet with ‘‘cold’’ air from the
ompressor, a bleeding which reduces the efficiency of the engine [68].
t is thus impossible to significantly increase the temperature at the
ombustion chamber outlet yet, without affecting the performance of
he thermodynamic cycle. In the same way, the increase in bypass ratio
aces problems such as increasing the size and weight of the engine with
espect to its integration on the aircraft.

Very high bypass ratio (VHBR) and ultra high bypass ratio (UHBR)
ngine designs are based on the increase in bypass ratio up to around

10 A TRL of 1 corresponds to the lowest level of readiness and a TRL of 9
to the highest.

https://www.iea.org/sankey/#?c=World&s=Final%20consumption
https://www.airlines.org/dataset/world-airlines-traffic-and-capacity/
https://www.iea.org/sankey/#?c=World&s=Final%20consumption
https://www.airlines.org/dataset/world-airlines-traffic-and-capacity
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Fig. 10. Open rotor presented at the 2017 International Paris Air Show by Safran,
after wikimedia commons.

20 (to be compared to a current bypass ratio of around 10 for the latest
generation LEAP or Trent engines). An increase in bypass ratio not only
increases propulsive efficiency but also reduces the noise emitted by the
engine, by decreasing the exhaust gas jet speed. The expected gains are
potentially around 5 to 10% on fuel consumption, while reducing the
noise emitted by around 7 dB, compared to the current generation [69].

The increase in the bypass ratio enables turboprop engines to be
particularly efficient. The (ducted) fan is replaced by an (open) pro-
peller, which increases blade span, and thus ensures a very high bypass
ratio. Therefore these engines can be used to reduce fuel consumption
by around 40%. However, the propeller rotation speed, combined with
the aircraft’s forward speed, may induce the appearance of intense
compressible effects (especially shock waves related to the presence of
local supersonic regions), which significantly deteriorate performances
as soon as the flight speed or the size of the aircraft are increased.
These engines are therefore limited to flight Mach numbers of around
0.65, lower than those reached with a turbofan (of around 0.85), but
also mainly used to power 100-seats short-haul aircraft due to thrust
limitations. A solution to offset this disadvantage is to ensure thrust
using two contra-rotating propellers, which enables them to reduce
their rotation speed for a given level of thrust. These open rotor
engine architectures are generally called Contra-Rotating Open Rotors
(CROR) [70], see Fig. 10. This type of engines have a higher flight
Mach number limit of around 0.75 and enables substantial fuel savings
of around 10% to 20% compared to the best modern turbofans [71].

Although a lot more exploratory, improving the turbofan thermo-
dynamic cycle remains possible, especially by replacing the isobaric
combustion (Brayton cycle) by an isochoric combustion (Humphrey
cycle) [72]. These engines, called pulsating detonation engines (PDE)
or rotating detonation engines (RDE) exhibit better performances than
those of isobaric engines, whether in terms of thermopropulsive effi-
ciency or specific power. However, their operation in unsteady regime
requires more research efforts, in order to adapt the components down-
stream of the combustion chamber (the turbine in particular) [73,
74]. Despite degraded functioning of a current turbine downstream
of this type of combustion chamber, recent publications show thermal
efficiency gains over the entire cycle of around 5% [75].

To conclude, future engine improvements mainly rely on larger
dimensions (UHBR, CROR), which will further increase the coupling
between the aircraft’s aerodynamics, weight, and engine. It is there-
fore necessary, now more than ever, to more effectively integrate the
propulsion system within the aircraft airframe which could represents
11

another potential source of fuel savings. Bury et al. [76] show the
complexity of the flow in the case of a configuration where the engine
is integrated under the wing, especially the presence of localized sepa-
rations responsible for drag increase. Optimized aerodynamic design of
the entire wing/engine integrated system is a crucial aspect for reduc-
ing fuel consumption. Integrating propulsion systems directly on the
aircraft airframe and no longer under the wing is one of the disruptive
technologies considered in the next ten years (see Section 4.2).

4.1.2. Aerodynamics
During cruise flight, in order to maintain airspeed (and therefore

lift), engine thrust is used to compensate the drag component of the
aerodynamic force exerted on the aircraft. The reduction in drag there-
fore influences directly the fuel consumption through the increase in
lift-to-drag-ratio. However, drag gains remain difficult today because
air flow around an aircraft remains complex and difficult to predict.

For current civil transport aircraft flying at compressible subsonic
speed (around Mach 0.8), there are three drag components: skin friction
drag, induced drag and parasite drag. Many gains have already been
made in the past on aircraft aerodynamics (resulting in an improvement
of the lift-to-drag-ratio): shape optimization, increase of the wing aspect
ratio, improvement of control surface design, etc. Given the different
drag components of an aircraft, there are increasingly fewer oppor-
tunities likely to lead to a significant improvement in aerodynamic
performance. They are mainly based on the design of wings operating
in laminar state for reducing skin friction drag, the increase in wing
span and modification of wing tip shape for reducing induced drag
and the integration optimization for various aircraft components and
control surfaces to reduce parasite drag related to their functioning and
interactions. The two first levers are detailed in the following.

Designing a wing operating with laminar flow, without changing the
aircraft’s speed, is a major scientific and technological challenge [77].
The advantage of a laminar regime is to reduce the dependency of
wall friction on speed, by switching from a scaling of 𝐹 ∼ 𝑉

9
5 to

𝐹 ∼ 𝑉
1
2 , which gives an increasing reduction in fuel consumption

the higher the flight speed [78]. An order of magnitude calculation
shows that, for a speed of around 250m s−1, skin friction drag can
be reduced by around 80% in the laminar regime compared to the
turbulent regime. Knowing that around 20% of the aircraft total drag is
attributable to the skin friction drag of the wing, the advent of laminar-
flow wings11 would therefore enable to reduce drag during cruise by
around 15% at best. A demonstrator has already been used to prove
the technical feasibility of extending the laminar region up to 50% of
the chord. The BLADE (Breakthrough Laminar Aircraft Demonstration
in Europe) project especially demonstrated an overall reduction in drag
of 8%, corresponding to a gain in fuel consumption of around 5%, by
implementing this technology on an Airbus A340-300 [79]. However,
this result could only be achieved for flight Mach number of 0.75,
therefore slightly lower than the usual cruise flight Mach number of
0.82. A challenge inherent to the transition to laminar flow at a high
Reynolds number also consists in being able to maintain this flow
regime in all circumstances, including in the event of an impact and the
deformation of the leading edge (even of only a few tens of millimeters)
caused by insects swatted on the wing.

The induced drag, which is the other important component of the
aircraft total drag, can be reduced by modifying the wing tip shape
(spiroid winglet for example [80]), in order to achieve fuel consump-
tion reductions of around 5% compared to configurations without
winglet. An increase in wing span produces gains of the same order of
magnitude [81], but induces more complex fluid/structure interactions,
mainly due to wing increased flexibility [82]. Whereas wing tip shape
can be modified on an existing aircraft (and therefore rapidly spread

11 An laminar-flow wing is a wing for which the transition from laminar
to turbulent flow is pushed towards the trailing edge. The natural transition
occurs within the first few percent of the chord, close to the leading edge.
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Fig. 11. Change in the use of composite materials in aviation: weight percentage
according to the year of commissioning of the aircraft according to Montagne [83].
This figure contains both information on commercial and military aircraft.

out on a large scale), a change in wing span requires designing a new
plane (and therefore delaying substantially its EIS and associated fuel
consumption gains).

4.1.3. Lighter aircraft
Many technological developments aim to reduce aircraft weight,

which allows to reduce the fuel consumption for a given mission. A
significant contribution to a lighter structure involves replacing metal
structures with composite materials. Aeronautical structures are built
by assembling a large number of parts (typically several million parts
for a long-haul airliner), connected together using mechanical fastening
technologies (rivets, bolts, . . . ) and/or bonding technologies. To ensure
reliability and durability, the preferred method is often the bolted or
riveted assembly [83]. Composite materials exhibit a different behavior
from metals, in terms of breaking modes, fatigue and tolerance to dam-
age for example. Significant research into understanding and modeling
the behavior of these materials is being undertaken to enable their more
widespread deployment on aircraft. Fig. 11 shows that most recent
long-haul airliners (e.g. Airbus A350) already have more than 50%
of their mass composed of composite material compared to less than
30% for airliners commissioned in the early 2000s. Weight gains can
further be made through new additive manufacturing processes mainly
(3D-printing), which also means that fewer metal materials need to be
used (nickel, titanium and aluminum). Pushed to its maximum poten-
tial, additive manufacturing can reduce fuel consumption by around
6% [84].

However, reducing aircraft weight can also enable the design of
larger aircraft (therefore increasing the number of seats) or with in-
creased range for a given quantity of fuel. Historically, it appears that
aircraft size and weight have increased over the years, although the en-
ergy efficiency has also been improved. Indeed, despite the increasing
trend in total aircraft weight, when normalized by the number of seats,
it tends to decrease in a manner correlated with fuel consumption, as
shown in Fig. 12.

4.1.4. Aircraft systems
The improvement in aircraft systems mainly involves their electrifi-

cation [86]. It relies on two strategies illustrated in Fig. 13. The first one
consists in replacing air power systems with electrical systems (bleed-
less) enabling all at once, an increase in overall gas turbine efficiency,
easier physical integration and streamlined maintenance. The second
one covers hydraulic-less aircraft design aiming to replace fluid power
systems with electrical systems.

To date, systems have only been partially electrified on the latest
generation of commercial aircraft, due to electrical system applications
12
Fig. 12. Change in fuel consumption per seat for 100 km according to aircraft weight
per seat for different aircraft generations. The different shapes and colors correspond
to different years of EIS.
Source: Graph compiled from data by Bejan et al. [85].

Fig. 13. The two strategies of the more electric aircraft according to Giraud et al. [87].

covering the entire range of TRLs. However, the direction taken by
stakeholders is towards complete electrification with the concept of
More Electric Aircraft (MEA). For large aircraft, in particular, the
primary objective is to reduce total weight while making them easier
to integrate and maintain.

As an example, replacing one of the fluid distribution networks with
an electrical network on the Airbus A380 enabled a weight gain esti-
mated at 500 kg [88]. This electrical network is used as a power source
for specific flight control actuators and thrust reverser actuator system.
In addition, replacing hydraulic systems would allow the elimination
of hydraulic fluids (Skydrol). Nevertheless, the complete withdrawal of
fluid equipment remains challenging due to their performance and ease
of use for implementing certain essential functions. For example, damp-
ing must take place in the landing gear extension/retraction actuating
system when a power failure occurs on its extension, in order to brake
and dampen the impact at the end of travel (free-fall) [89]. This is done
relatively easily in hydraulics by connecting a hydraulic resistance to
both chambers of the cylinder. However, electromechanical technology
involves creating passive viscous friction in the electric motor, which
is more complex and is not yet implemented on aircraft in operation.

Similarly, to improve gas turbine efficiency, the bleed air system has
been replaced by two electrically driven compressors on the Boeing 787
aircraft which has become the first commercial bleed-less aircraft [90].
This same aircraft also includes electrification of other systems such as
engine-start and ice protection systems. The latter comprises electrical
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resistance elements which generate heat under the surface of the wing’s
leading edge, which promises less energy consumption compared to
other ice protection technologies which use hot air from the engine.
These architectural choices lead to a significant increase in the aircraft’s
electric power onboard (1MW on the Boeing 787) and, therefore, a
significant increase of the mass of electrical power generation and
distribution systems. Nevertheless, Boeing estimates a gain of around
3% over the aircraft overall consumption [90].

More general studies on system electrification, with an electrified
aircraft for which only the propulsion is managed by combustion
engines, estimates a weight reduction of around 10% and a reduction
in consumption of around 9% [91,92].

Two other main advantages of electrification are the increase in the
efficiency of the power transmission components and perhaps above
all, a more efficient usage of the power. Consequently, an electrical
system can provide almost just the right amount of power and energy
required for the application. Furthermore, new electrical distribution
system architectures are currently being studied such as modular cores
in order to more effectively manage power fluctuations and distribution
in the various systems during a flight. These directions towards a more
electric aircraft have been studied in the European research programs
MOET (More Open Electrical Technologies) and POA (Power Optimized
Aircraft). The natural conclusion is that electrification is useful as it
uses less engine power, on the condition that the associated potential
increase in weight does not cancel out this gain.

Research work [93] began in the 2000s to remove the various
barriers related to complete system electrification. The first research
theme concerns the development of new system and equipment archi-
tectures and technologies in order to be operated with an electrical
power source. For example, the development of reliable and lightweight
electro-hydrostatic actuators (EHA) and electromechanical actuators
(EMA) with very long service life are being investigated for different
applications such as landing gear or flight controls [94]. Electrification
of the ice protection system also provides consumption gains, like for
example with the Boeing 787 anti-icing system, but gains could be
increased further with electromechanical de-icing systems [95]. The
second research theme concerns electric power distribution. It has been
used since the early days of commercial aviation but the transition
towards a more electric aircraft will imply a growing number of systems
using electric power and, therefore an increase in the level of power
the distribution system is expected to generate and distribute. This
increase in power requires the development of reliable high-power
components. For example, the wiring becomes a complex system, called
the Electrical Wiring Interconnection System (EWIS), which is made up
of wires, connectors, and contactors among others, and which requires
a multiphysical and integrated approach to be designed. In order to
maintain a reasonable electric current level, and therefore a reasonable
component weight, it is suggested to increase network voltage between
500V and 1000V. But it increases the risk for electric arc and partial
discharge phenomena, especially with the decrease in air pressure.
The increase in the number of electrical and electronic components
and power levels amplifies electromagnetic compatibility (EMC) issues.
Lastly, the last research theme deals with the thermal management
issues, which requires the development of low-loss and therefore high
performance components, especially in terms of power electronics with
wide gap components. Indeed, thermal management is a critical point
in the electrification of aircraft because, unlike hydraulics or pneu-
matics, the losses are not transported and must be managed locally.
One example is the use of air intakes to cool the relatively low-power
electrohydrostatic actuators on the A380 and A350 [96]. It is also
important to mention that the fuel system plays a crucial role today
in the thermal management of the propulsion system as it provides a
large quantity of fuel as a cold fluid source. As a consequence, switching
to all-electric aircraft (see Section 5.3.3), and therefore removing fuel
and substantially increasing electric power, is a significant challenge in
terms of thermal management.
13
Fig. 14. View of the NASA N3-X blended-wing body concept [101].

4.2. Disruptive aircraft technologies

The improvements described previously enable to reduce the air-
craft consumption but the gains appear to be limited for the conven-
tional architectures. Disruptive innovations and technologies remain
however possible to further improve aircraft efficiency.

This part identifies the disruptive technologies that could be envi-
sioned in the longer term. Disruptive technologies mainly consist of
radical changes in the shape, the architecture or the type of propulsion
system of the aircraft. In this paper, they are categorized in two
categories. First, radical changes in the shape and architecture are
referred to as Unconventional configurations. Then, radical changes in the
propulsion system are referred to as Unconventional propulsive systems.

4.2.1. Unconventional configurations
The exploration and evaluation of unconventional aircraft config-

urations is the subject of many research for most referenced in the
following review papers [97,98]. The objective remains to evaluate
potential gains regarding fuel consumption when compared to recent
airliners. The following aims at providing examples of key unconven-
tional aircraft concepts by radically changing aircraft shape, with an
EIS between 2035 and 2050.

One of the most discussed solutions is to replace the standard tube-
and-wing configurations, consisting of a fuselage, a wing and tails, with
flying wings for example. Unlike the tube-and-wing configuration, in
which the fuselage makes almost no contribution to lift while signifi-
cantly contributing to the total drag, this type of configuration enables
the lift generation via a single wing element, while substantially reduc-
ing the overall drag of the aircraft airframe. Different types of flying
wings can be considered, such as Blended-Wing Body (BWB) which are
often studied (Fig. 14). Finally, the flying wing architecture allows, for
a given number of passengers, to reduce the aircraft take-off weight by
around 15% and to increase its lift-to-drag-ratio by 20% [99]. Although
it is a concept whose efficiency is still being studied, an improvement
in the overall energy efficiency of around 25% compared to an aircraft
from the current B777 type generation seems possible [100]. More-
over, it should be emphasized that this aircraft’s shape offers greater
flexibility for distributing fuel mass than conventional architectures.
It could be particularly interesting in the case of hydrogen-powered
aircraft which would require larger fuel tanks (see Section 5.3.2).

Nevertheless, other unconventional concepts closer to the conven-
tional tube-and-wing configuration are also investigated. For example,
the Strut-Braced Wing (SBW) configuration could offer significant ben-
efits due to higher aspect ratio wings and thus lower induced drag. Ma
et al. [102] estimate a benefit of around 23% due to aerodynamic and
structural aspects compared to an Airbus A320 neo.
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Fig. 15. Principle of engine integration with boundary layer ingestion compared to
conventional integration under the wing according to figure 4.1 of Binder [104]. The
propulsion system re accelerates the fluid from the boundary layer, ideally up to the
aircraft’s flight speed, enabling a substantial gain both in propulsive efficiency and on
drag.

4.2.2. Unconventional propulsive systems
Another category of disruptive technologies concerns unconven-

tional propulsive systems. Two main directions can be identified for
unconventional propulsion systems. The first one aims to work on in-
novative integration of the propulsion system within the airframe. The
second one consists of the development of hybrid-electric architectures.

The first direction explores more efficient engine integration pos-
sibilities. Engines could be for example partially integrated into the
central part of flying wings. This integration allows both to reduce
overall drag (removal of mast parasite drag and reduction in engine
nacelle and aircraft wake drag) and also to improve the engine propul-
sive efficiency. Indeed, the engine inlet flow would have been slowed
upstream due to the development of the boundary layer along the
aircraft. This principle, called boundary layer ingestion (BLI), consists
in producing thrust by accelerating fluid flow from a speed lower than
the flight speed. The engine exhaust flow velocity would therefore have
a lower residual kinetic energy than in the case of a conventional engine
architecture placed under the wing, as illustrated in Fig. 15. BLI induces
however strong distortion at the engine inlet which affects the perfor-
mance of the thermodynamic cycle. Overall, the potential gain in fuel
consumption reduction is estimated between 3% to 4% [103]. This type
of engine integration is not determined by flying wing architectures
and can also very well be implemented on standard tube-and-wing
configurations.

The second disruptive technology is the hybrid-electric propul-
sion [105–108]. The two main advantages sought are better overall
propulsion chain efficiency and improved energy management. It is
thus possible to imagine a large number of architectures, a few ex-
amples of which are given in Fig. 16. In addition to these two main
advantages, other possibilities are offered by hybridization.

First, switching to electric thrusters is also made possible by hy-
bridization. It allows disruptive propulsion integration such as BLI and
distributed propulsion to be also envisaged. Distributed propulsion can,
like BLI discussed previously, improve aero-propulsive efficiency by
blowing or suction effect according to the thruster’s position. This
concept is also used to implement control functions such as differential
thrust (e.g. yaw control) and thus to reduce the size of the control
surfaces (e.g. rudder) and therefore aircraft drag.

Second, another potential of hybridization lies in the potential
to recover energy during the descent and braking phase, which is
made possible through the use of electrical energy source and electric-
powered thruster. Even if brake energy remains marginal compared to
the energy used during the flight, the energy likely to be recovered
during the descent could represent 4% to 15% of the potential recover-
able gravity energy for a short-haul aircraft according to descent time
and how much the propeller is used as generator [109]. However, this
14
Fig. 16. Hybrid-electric propulsion architectures. [109],[110].

energy recovered by using the propeller as generator during the descent
phase is believed to be less useful overall compared to a propeller
operating solely to compensate for its own drag. Indeed, the increase
in the cruising range due to this operating mode renders the solution
less attractive [109].

In any case, the power densities of the elements of the electrical
system (engine, converters, cabling, etc.) are crucial for the viability of
each of the solutions over the target range as they are likely to increase
the aircraft’s weight significantly. In the same way, low energy densities
per unit of weight are barriers to the feasibility of these solutions. To
illustrate the criticality of these parameters, the case of an all-electric
aircraft (batteries), which will be discussed in detail in Section 5.3.3,
can be used. For instance, Epstein [111] studied for an all-electric, 150-
seat, single-aisle aircraft with power densities of 12 kWkg−1 for the
electrical system components (to be compared with around 5 kWkg−1

for an electric engine in 2020). With this architecture, it is necessary
to use batteries with energy densities of 1500Wh kg−1 (to be compared
with the 200Wh kg−1 to 250Wh kg−1 for a lithium-ion battery cell in
2020) in order to achieve a range of 1000 km. As a consequence, all-
electric architectures could be limited to small aircraft due to electric
component masses, but hybrid-electric architectures using fuel could be
more relevant for aircraft with longer range.

In a nutshell, hybrid-electric propulsion associated to benefits from
the other disciplines that it enables could lead to gains of around
30% but for missions limited to 1000NM [97,112]. Nevertheless, it is
essential to note that difficulties (e.g. thermal management) related to
the increase in electric power on-board would be even more significant
due to the fact that propulsion system power is almost 20 times greater
than that of non-propulsive systems. This is why cryogenic propulsion
systems and superconductive components [113] are also envisioned in
the longer term.

4.2.3. Challenges of unconventional aircraft architectures
At this stage, significant technological barriers must still be removed

to replace conventional architectures with new disruptive ones. It is
indispensable to rethink aircraft design, which includes the certifica-
tion process. Beyond the technological challenges, the advent of these
new architectures, based on potential synergies between the various
subsystems (airframe, engines and aircraft systems), also comes up
against the current structure of the aeronautical industry where the
clear segregation of skills (engine manufacturers, aircraft manufactur-
ers, system manufacturers) is not compatible with a tightly coupled
upstream design. These potential synergies underline the importance of
developing multidisciplinary and integrated design methods and tools.
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Table 4
Representative scenarios for future aircraft fleet for each category with maximum three generations of aircraft (1,2,3) until 2050.
Scenarios Short range Medium range Long range

EIS Gains [%] EIS Gains [%] EIS Gains [%]

Scenario 1 2035,2045,_ 15,30,_ 2035,2045,_ 15,30,_ 2035,2045,_ 15,30,_
Scenario 2 2035,2045,_ 20,35,_ 2035,2045,_ 20,35,_ 2035,2045,_ 20,35,_
Scenario 3 2030,2040,_ 15,30,_ 2030,2040,_ 15,30,_ 2030,2040,_ 15,30,_
Scenario 4 2025,2035,_ 15,30,_ 2025,2035,_ 15,30,_ 2030,2040,_ 15,30,_
Scenario 5 2030,2040,_ 15,40,_ 2030,2040,_ 15,40,_ 2030,2040,_ 15,40,_
Scenario 6 2030,2037,2045 15,30,40 2030,2037,2045 15,30,40 2030,2037,2045 15,30,40
4.3. Aircraft efficiency gains at the fleet level

The main levers for improving aircraft efficiency have been detailed
in the previous sections. This part aims at providing scenarios and
global estimation for the evolution of aircraft efficiency gains at the
fleet level. For this purpose, fleet-renewal-based scenarios are proposed
to model the evolution of the mean fleet efficiency.

4.3.1. Representative scenarios for future aircraft fleet
The first step is to build representative scenarios for the future

aircraft fleet which requires to obtain data on future aircraft efficiency
gains and aircraft EIS. The data obtained in the previous sections
are used. In particular, Bravo et al. [97] have provided a significant
review of unconventional configurations with emphasis placed on the
gains with respect to the models’ level of fidelity to predict them.
Some of the referenced unconventional configurations that are based
on high-fidelity models are used, in terms of range, gains and EIS,
to consolidate the latter fleet renewal scenarios. Moreover, the IATA
aircraft technology roadmap [114] has also been used because it offers
an interesting assessment of gains and EIS associated with each technol-
ogy that is consistent with the previous aircraft technology literature
review. Based on these different data, it has been chosen to consider
that the next generation of aircraft integrating incremental technologies
could yield gains of 15 to 20% (with respect to recent airliners) whereas
for the following generation gains could reach 20 to 35%. Concerning
unconventional configurations, it has been considered that disruptive
technologies could lead to 40% gains. It has been chosen to vary the
EIS of new aircraft as it is an important parameter for fleet renewal
scenarios.

Six fleet renewal scenarios have therefore been proposed to as-
sess sensitivities to the parameterization, and are summarized in Ta-
ble 4. The fleet is decomposed into three main categories: short range,
medium range and long range. Almost all scenarios except the last
one consider an introduction of two generations of aircraft to enter
into service between 2020 and 2050. In Scenario 1, moderate gains
of respectively 15% and 30% for the two generations are considered.
Their EIS is moderate also with respectively the year 2035 and 2045.
In Scenario 2, higher gains for the two generations are considered com-
pared to Scenario 1. In Scenario 3, earlier EIS for the two generations are
considered compared to Scenario 1. Scenario 4 is an illustrative scenario
where two generations of Short-Medium Range (SMR) turbofans are
introduced very early compared to Scenario 1 in respectively 2025 and
2035 with moderate gains. This could have been possible if new a
narrowbody program had been launched at the early 2020s. Scenario
5 is similar to Scenario 3 but the second generation of aircraft uses
disruptive technologies and thus presents higher fuel efficiency gains.
Scenario 6 is similar to Scenario 3 but a third generation of aircraft with
disruptive technologies is introduced.

4.3.2. Simulation of the fleet renewal and results
Based on the previously defined scenarios, the evolution of the fleet

efficiency gains are simulated. The simulation of the evolution of the
aircraft fleet is based on the easily customizable fleet renewable models
developed in [115]. The models have been calibrated based on the
world fleet in 2020. The current aircraft in-service life is estimated
15
at 25 years, but an alternative reduced value of 20 years is also
investigated. The reference recent aircraft for the short-range category
has an energy consumption of 0.95MJ∕ASK where regional jets and
regional turboprops have not been considered as they are marginal.
For the medium-range and long-range categories, the energy consump-
tion of the reference recent aircraft are respectively 0.70MJ∕ASK and
0.83MJ∕ASK.

An example of the evolution of the aircraft shares and mean fleet
energy consumption is given for each category in Fig. 17 for Scenario 4
with an aircraft in-service life of 25 years. One can see that this scenario
enables, for example, to reduce the mean energy consumption of the
short-range fleet from 1.09MJ∕ASK in 2020 to 0.71MJ∕ASK in 2050.

The results obtained for the different representative scenarios and
renewal characteristics are summarized in Table 5. From these results
and the specificity of each corresponding scenario, multiple observa-
tions can be made. First, one can see that an earlier EIS of 5 years
in Scenario 3 produces more effect than increasing efficiency gains of
aircraft by 5%. In addition, Scenario 4 shows that if a new program
was launched in this decade, here in the year 2025, it would have a
significant effect on the fleet efficiency. This scenario enables to reach
an annual gain rate of 1.4% (25-year in-service life) and 1.6% (20-year
in-service life). Similarly, the Scenario 5 that introduces unconventional
architectures in 2040 yields significant annual gain rates of 1.4%
and 1.6%. Also, deploying a third generation of aircraft before 2050
marginally increases the gains. Finally, accelerating fleet renewal by
changing the in-service life of an aircraft from 25 to 20 years enables
increased gains from 8% (Scenario 4) to 14% (Scenario 5). Overall, the
proposed scenarios enable to improve aircraft fleet efficiency of 25.9 to
35.1% between 2020 and 2050. If fleet renewal is accelerated, the im-
provements can reach 28.7 to 39.0% which corresponds to annual gain
rates between 1.0 to 1.6%. However, it would be interesting to estimate
cumulative gains and not only annual gains because it is the cumu-
lative CO2 emissions, and therefore the cumulative amount of energy
consumed, that are important to consider as explained in Section 1.
Nevertheless, this raises the question of how to compare cumulative
gains knowing that the traffic evolution has also an influence.

5. CO2 mitigation: fuel decarbonization levers

5.1. General consideration

As explained in Section 3 when discussing Kaya identity, replacing
the current kerosene from fossil origin by Alternative Energy Carriers
(AEC) with a lower content in fossil carbon is the main lever for the
aviation sector to diminish its CO2 emissions. Table 6 presents the five
main AEC currently envisaged for the aviation sector: electrofuels, bio-
fuels, PBtL (which stands for Power- and Biomass-to-Liquids), electric
batteries and hydrogen.

This table also presents the main primary energy source from which
each AEC is produced. There is a wide variety of hydrogen production
methods, but we focus here on hydrogen produced by water electroly-
sis, as it is the potentially low-carbon production method which is most
mature today [116–119]. Another significant low-carbon production
pathway currently considered is to use current methods (such as steam
methane reforming and coal gasification) coupled with Carbon Capture
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Fig. 17. Visualization of Scenario 4 fleet renewal.
Table 5
Resulting energy efficiency gains with two fleet renewal rates for the different representative scenarios.
Scenarios Results for 25-year fleet renewal Results for 20-year fleet renewal

Gains in
2035

Gains in
2050

Equivalent
annual gain
(2050)

Gains in
2035

Gains in
2050

Equivalent
annual gain
(2050)

Scenario 1 15.9% 25.9% 1.0% 16.2% 28.7% 1.1%
Scenario 2 16.0% 28.7% 1.1% 16.3% 32.3% 1.3%
Scenario 3 16.8% 31.5% 1.3% 17.8% 34.7% 1.4%
Scenario 4 18.7% 34.9% 1.4% 20.6% 37.7% 1.6%
Scenario 5 16.8% 34.1% 1.4% 17.5% 38.9% 1.6%
Scenario 6 16.8% 35.1% 1.4% 17.5% 39.0% 1.6%
Table 6
Table summarizing the five main alternative energy carriers envisioned for aviation. For each AEC, the main energy source (sometimes referred to
as primary energy) and the main source of CO2 emissions are mentioned; the distinction is made between drop-in AEC, which are carbon-based,
and non-drop-in AEC which are carbon-free; finally, the CO2 credit of carbon-based AEC is indicated.
Energy carrier Main energy

source
Main source of CO2 emissions Drop-in/

Carbon-based
CO2 credit

Biofuel Biomass Feedstock to fuel processing, land
use change

yes Biomass growth

Power- and Biomass-to-Liquid Biomass &
electricity

Feedstock to fuel processing, land
use change, electricity production

yes Biomass growth

Electrofuel Electricity Electricity production yes CO2 capture

Electric batteries Electricity Electricity production no —

Hydrogen Electricity Electricity production no —
and Storage (CCS) technologies [120], but this is outside the scope of
this review. For biofuels, we have only mentioned biomass, but some
production pathways also need hydrogen [121]. When the latter is
produced from electrolysis, the biofuel production pathway then also
relies on electricity, although this is not indicated in Table 6. The
influence of hydrogen on biofuel production will not be discussed here,
more details can be found in [121,122].

The notion of energy carrier is central here: in contrast with fossil
kerosene that (up to crude oil refining) is almost readily available
as such, the conversion pathways envisaged to produce AEC for the
aviation sector involve major transformations. For many envisioned
pathways, significant CO2 emissions could occur during the production
f the energy carrier. For instance, an hypothetical all-electric aircraft
mbarking all its energy in electric batteries would be completely
mission free during its flight (no CO2 emissions, but also no water,

sulfur, etc.), but significant CO2 emissions could occur during the
roduction of electricity stored in the battery. Indeed, electricity is
16
currently mostly produced from fossil energy, with more than 60% of
electricity produced from natural gas, oil and coal in the world [123].
In particular, it is mandatory to include emissions from the AEC produc-
tion in the scope of emissions considered and not to restrict the focus
to in-flight emissions. For this reason, tools from Life Cycle Assessment
(LCA) need to be used.

Electrofuels, biofuels and PBtL are drop-in fuels, meaning that they
can be directly embarked in current aircraft (with some possible limita-
tions, see discussion below), whereas powering an aircraft with electric
batteries or hydrogen requires designing a new one. The goal of this
section is to give insight into the potential climate benefits of these
new energy carriers: for this reason, we will consider them in isolation,
e.g., consider an all-electric aircraft or a cryoplane powered only by
hydrogen.

Because of their importance, a large amount of literature has already
been devoted to assess the potential climate benefits of these alternative
energy carriers. In this section, we focus on high-level considerations
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Table 7
FRL and TRL values from [127, table 3]; highlights from [128, Table 1].
Drop-in AEC TRL FRL Highlights

Biofuel

HEFA 9 9 ∙ Commercial passenger jet flight test with 100% HEFA fuel
FT 6–8 6–7 ∙ Establishment of the first commercial Fischer–Tropsch BtL plant in the UK (Velocys)

ATJ 6–8 7–8

∙ First commercial flight with AtJ fuel
∙ British Airways will purchase SAF from LanzaJet’s US plant from late 2022
∙ Oneworld Alliance members will utilize Gevo’s SAF for operations in California
from 2027, for a five year-term.

DSHC/SIP 7–9 5–8 ∙ Commercial flight with 10% farnesane blend from Amyris/Total (2014)

electrofuel 5–8 – ∙ World’s first 110 kt∕year recycled carbon methanol production plant
∙ ‘Green Fuels Hamburg’
to understand the potential of these AEC to lower CO2 emissions from
the aviation sector. Our goal is to introduce the key parameters that
need to be taken into account in designing transition scenarios. For
more precise technical details, the reader is for instance referred to
the two recent thorough surveys [124,125] that provide an in-depth
presentation of the four main AEC mentioned above. For each AEC we
also point to more specific references below.

Note finally that in this section, we focus on CO2 effects. However,
these new energy carriers are also expected to hold benefits concerning
non-CO2 effects, in particular contrails: these potential benefits are
discussed in Section 6.

5.2. Drop-in AEC

5.2.1. General consideration
Kerosene is an hydrocarbon chain made of carbon and hydrogen.

Drop-in AEC, sometimes referred to as alternative drop-in fuels or alter-
native jet fuels, are kerosene whose carbon comes from the atmosphere
rather than from fossil origin. For biofuels and PBtL, this atmospheric
carbon has been captured by the biomass, whereas for electrofuels, it
is directly captured from the atmosphere. Thus, when these fuels are
burned, the CO2 they add into the atmosphere ultimately came from the
atmosphere where it returns. These drop-in AEC are sometimes referred
to as Sustainable Aviation Fuel (SAF), although the terminology of SAF
is used differently depending on regulatory context, feedstock basis,
and production technology, see for instance [126, chapter 4] for a
discussion on the definition of SAF. In the present paper, the term SAF
will be used only when discussing a paper where this terminology is
used and its precise meaning will be that of the original source.

In order to be embarked in an aircraft, a fuel needs to comply
with the ASTM D4054 reference. As of March 2023, nine conversion
processes from various feedstock to fuel satisfying this reference have
been approved by the ASTM International.12 Two of them, defined in
he reference ASTM D1655, have to be co-processed with petroleum,
hile the seven others, defined in the reference ASTM D7566, can be
roduced from biomass, algae or oil. Currently, these fuels need to be
lended with conventional jet fuel. In particular, the reference ASTM
7566 defines a maximum blending ratio for each fuel produced by

hese pathways: for the HC-HEFA-SPK and SIP pathways (produced
rom algae and biomass used for sugar production, respectively), the
aximum blending ratio is 10%, while for the other five pathways, it

s 50%. In October 2021, an Airbus A319neo aircraft operated on 100%
EFA biofuel,13 which suggests that the limitation on the blending ratio

s likely to evolve in the future. Note also that drop-in AEC are at
arying stage of technological maturity, as can be seen on Table 7 for
iofuels and electrofuels.

12 See the webpage dedicated to the conversion processes of the ICAO Global
ramework for Aviation Alternative Fuels, accessed on 20th, March 2023
13 First A319neo flight with 100% sustainable aviation fuel, accessed on
pril 14th, 2023.
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The Kaya identity (1), introduced to decompose past emissions of
the aviation sector, is still useful to assess future emissions due to drop-
in fuels. Since these drop-in fuels can, by definition, be embarked in
conventional aircraft, only the emission factor term CO2

E needs to be
considered. Typical values for this factor for alternative drop-in fuel
are summarized in Table 8. The goal of this section is to explain these
values as well as the main sources of variability and uncertainty.

As mentioned in Table 6, alternative drop-in fuels are those AEC
that are carbon-based: indeed, the two other AEC (electric batteries and
hydrogen) are carbon-free. In particular, the use of alternative drop-in
fuels during the flight still emits CO2 in the atmosphere, in contrast to
carbon-free AEC which do not emit CO2 during the flight. Although the
combustion emission factor is around 4% lower for alternative drop-in
fuels than for fossil kerosene,14 the potential climate benefits actually
come from the fact that carbon has been previously captured from the
atmosphere. As indicated in Table 6, for electrofuels this CO2 credit
would come from CO2 capture, the latter being either directly captured
from the atmosphere (DAC for Direct Air Capture) or collected from
point sources of industrial processes producing CO2 through fermenta-
tion, calcination and most notably combustion of fossil fuels [134]. For
biofuels and PBtL, the CO2 credit would come from the growth of the
biomass. If understanding these benefits is relatively straightforward
for electrofuels, this is different for biofuels and the assessment of
their potential climate benefits is quite delicate as discussed below in
Section 5.2.2.

5.2.2. Biofuels
Assessing CO2 emissions from biofuels is a delicate issue: the pri-

mary objective of this section is to explain the main assumptions and
the main factors of variability and uncertainty that underlie estima-
tions of biofuel CO2 emissions. Also, biofuels belong to the wider
category of biomass-based technologies such as BECCS (Biomass Energy
with Carbon Capture and Storage) which, because they rely on land
management which involves water and land use, have far-reaching
consequences beyond CO2. Here we focus on CO2 emissions, but more
general considerations can for instance be found in [135–139], see also
the IPCC special report on climate change and land [140].

There is a wide variety of conversion pathways to produce jet fuel
from biomass, which are for instance described in details in [142–
144]. In Fig. 18, six pathways are represented which allow to process
feedstock grouped in three families: oil-containing biomass and readily
available oil, (ligno)cellulosic biomass and sugar and starch biomass.
Currently, three pathways are considered most promising [128]: the
HEFA (Hydroprocessed Esters and Fatty Acids) pathway to process oil-
based feedstock, the FT (Fischer–Tropsch) pathway to process cellulosic
feedstock and the ATJ (Alcohol-To-Jet) pathway to process sugar and
starch biomass. The evaluation of the emission factor of each pathway
is decomposed into two terms: the core LCA accounts for well-to-wake

14 For electrofuels and biofuels, the combustion emission factor is
around 70 gCO2-eq∕MJ [132,133], while it around 74 gCO2-eq∕MJ for fossil
kerosene [28].
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Table 8
For each alternative drop-in fuel, the range of full LCA emission factor is given. Variability arises from methodological choices and differences in pathways, and
for biomass-based fuels, an intrinsic uncertainty is related to the estimation of land-use change emissions. The wide range of emission factor values for electrofuel
and PBtL is explained by the influence of the electricity mix.
Alternative
drop-in fuel

Full LCA emission
factor (gCO2-eq∕MJfuel)

Main source of variability Main source of uncertainty Ref

Biofuel −30–100 Feedstock, conversion pathway Land use change emissions [129]
Electrofuel 3–300 Electricity production emission factor — [130,131]
PBtL 4–187 Feedstock, conversion pathway,

electricity production emission factor
Land use change emissions [130]
Fig. 18. Description of the main biofuel production pathways. Three types of feedstock are distinguished depending whether they are mainly based on lipid, carbohydrate or
cellulose, which is an important factor determining full LCA emissions.
Source: From Figure 1 in [141].
Fig. 19. System boundary of biofuel core LCA.
Source: From [27].

CO2 emissions, and LUC emissions account for emissions due to land
use change. As will be explained below, LUC emissions need to be taken
into account in order for the assumption of combustion neutrality to
be valid; moreover, the estimation of these emissions is intrinsically
uncertain. We first present results for core LCA and corresponding allo-
cation methods, then discuss the assumption of combustion neutrality,
which leads to a discussion on LUC emissions. Finally, full LCA results,
combining core LCA and LUC emissions, are presented.

Biofuels core LCA. The system boundary of core LCA, described
above, is depicted on Fig. 19. It accounts for emissions that occur
during the cultivation of the biomass, the transport of the feedstock and
the fuel, the conversion of the feedstock to fuel, and the combustion of
the fuel. Within this system boundary, the weighted-average emission
factor of fossil kerosene is 88.7 gCO2-eq∕MJ, which is therefore the
benchmark against which to compare potential benefits [28].

For biofuels, different production pathways can have very different
core LCA results. Typical values for the HEFA and FT pathways [132]
18
Table 9
Illustrative core LCA results for the HEFA and FT pathways, without the
assumption of carbon-neutral combustion.
Source: Values taken from [132], Table 51 for HEFA and Table 35 for
FT.
Emission factor
(gCO2-eq∕MJ) by stage

HEFA FT

Biomass growth −70.5 −222.7
Cultivation and
transportation 21.9 7.5

Conversion 10.3 152.1
Combustion 70.4 70.4
Total 32.1 7.3

are for instance provided in Table 9, see also [122,145] for other core
LCA results.

From this table we see that the climate benefit depends on the
production pathway. Moreover, we see that different pathways have
different carbon flows: although for HEFA, the CO2 credit corresponds
to the amount of CO2 released during the combustion, for FT the CO2
credit is much larger than the amount of CO2 released during the
combustion, and a significant amount of CO2 is also released during
the conversion from feedstock to fuel. In principle, it is also possible to
capture this carbon, in which case CO2 emissions can become negative.
The possibility to couple biofuel production with CCS technologies is
discussed in [146–150]. Moreover, PBtL (discussed in Section 5.2.4
below) aim to alleviate this high carbon loss that occurs during the
FT process.

LCA allocation method and selectivity. Most biofuel conversion path-
ways produce hydrocarbon chains of varying lengths, see for instance
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Table 10
List of co-products and selectivity range for the three main biofuel
production pathways. The list of co-products is from [124, Table 1];
the range of selectivity values derives from data from [151–154] for
FT (using the selectivity for diesel when the one for jet fuel was not
available), from [132,155–157] for HEFA and from [158] for ATJ.
Production
pathway

Co-products Selectivity range

FT Propane, Naphtha, Diesel,
Gasoline, Waxes

15%–50%

HEFA Propane, Naphtha, Diesel 15%–74%

ATJ Isobutene, Isooctane,
High-protein animal feed

15%–100%

Table 11
Variation in core LCA results depending on the allocation method. Two allocation
methods are considered: the energy allocation (column E) and the displacement
allocation (column D), where the emission factors expressed in gCO2-eq∕MJfuel are
indicated. The column variation is obtained as the ratio D/E-1.
Source: From Figure 3 in [122].

Process Feedstock E D Variation

HEFA
Used Cooking Oil 27 27 0%

Jatropha 55 22 −60%

Camelina 47 44 −6%

FT
Willow 9 0 −100%

Poplar 9 0 −100%

Corn stover 13 4 −69%

Forest residues 6 −3 −150%

ATJ
Corn 55 71 +29%

Corn stover 35 22 −37%

Sugar cane 26 22 −15%

Table 10 for the HEFA, FT and ATJ pathways; other co-products can
exist, and some pathways, such as the FT or the Direct Sugars to
Hydrocarbons (DSHC) pathways, are even net producers of electric-
ity [122]. In such cases, the CO2 emissions of the production pathway
need to be allocated between these different co-products. Standard LCA
allocation methods are based on the energy, mass or economic value
of the inputs and co-products. The energy allocation is particularly
well-suited for energy products such as biomass and fuel. However,
non-energy co-products can arise in some biofuel pathways, for instance
camelina meal in the HEFA pathway from camelina [122]. In this case,
an alternative possible allocation method is the displacement method,
which awards an emission credit to co-products based on the yield
of the co-product and the GHG emission intensity of the displaced
product [122]. Table 11 shows the influence of the chosen allocation
method (by energy or by displacement) for various pathways.

Selectivity is an important parameter of a given production path-
way: it refers to the proportion of kerosene in the fuel output. Here
proportion is usually measured by energy, but it can also be measured
by mass. Selectivity depends on the production pathway and can, to
some extent, be tuned. Stratton et al. [132] mention for instance that
‘‘a F-T plant configured to produce 70% diesel and 30% naphtha should
theoretically be able to undergo modifications such that it could yield
60% jet fuel and 40% naphtha’’, which is the reason why selectivity
values for diesel was used as a proxy for the selectivity value of jet
fuel in Table 10. Ranges of typical selectivity values for HEFA, FT
and ATJ are given in Table 10. If selectivity is measured along the
same unit than the allocation method, then the value of selectivity
does not affect the final result. For instance, if one is interested in the
emission factor of some biofuel produced by some pathway and the
energy allocation method is chosen, then the value of the selectivity,
if it is expressed in energy ratio, does not affect the result. However,
selectivity is an important factor when considering energy efficiency
issues, as will be discussed below for the case of electrofuels: indeed,
19
it allows to estimate the total amount of primary energy necessary to
produce a given amount of alternative jet fuel. Note also that tuning
selectivity rests on economic consideration, as hydrocarbons with a
higher economic value will tend to be favored.

Assumption of carbon-neutral combustion. Many LCA studies assume
that the combustion of biofuel is carbon neutral, the rationale being
that the CO2 emitted during the combustion was already captured from
he atmosphere. This is a useful accounting convention, but it may have
wo drawbacks.

First, it may give the wrong impression that there was as much CO2
aptured from the atmosphere during the biomass growth than what
as released during the biofuel combustion. However, as mentioned
reviously in the case of FT biofuels, this is not necessarily so. In the
ase of FT biofuels, what could be considered as neutral is the whole
alance of CO2 captured during the biomass growth, which indeed
oes back to the atmosphere. However, this CO2 captured during the
iomass growth goes back to the atmosphere either during the fuel
ombustion, or during the conversion process.15

The second potential problem is that for this assumption to be jus-
ified, a careful carbon accounting needs to be performed. In particular
he system boundary of the core LCA, depicted in Fig. 19, needs to be
xtended in order to include land-use change emissions. If not, there
s a risk of significant carbon accounting error. This risk was widely
iscussed in the scientific literature [159–162], by the scientific coun-
ils of European [163] and American environment agencies [164] and
y the IPCC [165]. Creutzig et al. [136] explain that ‘‘The neutrality
erception is linked to a misunderstanding of the guidelines for GHG
nventories [. . . ]. Carbon neutrality is valid if the countries account for
UC in their inventories for self-produced bioenergy’’.

In fact, the neutrality of an emission can only be justified by
omparing the net carbon flow in two cases. One case with emission
nd one case without emission. This alternative scenario is called a
ounterfactual scenario.16 Neutrality is therefore justified if the net CO2
missions balance is the same in both cases. Therefore, as biofuel com-
ustion emits CO2 into the atmosphere which would not otherwise have
een emitted in the absence of the said biofuel, this emission has to be
ffset by additional absorption, i.e. which would not have been present
ithout the biofuel. It is the meaning of the word increased in the

ollowing citation from the IPCC [165, p 877]: ‘‘if bioenergy production
s to generate a net reduction in emissions, it must do so by offsetting
hose emissions through increased net carbon uptake of biota and
oils’’. For example, considering a situation without biofuel in which
he biomass is produced at a given location (counterfactual scenario),
nd then, all other things being equal, this biomass is used to produce
iofuel, then the neutrality hypothesis is not justified since an emission
low has been added without creating additional absorption [161].

The previous citation by the IPCC clearly shows that considering
he combustion neutrality hypothesis does in fact rely on an offset
rinciple. An emission at a given time and place is offset by equivalent
bsorption, possibly in another place and at another time. However,
ince additionality is based by definition on a scenario which will not
ake place (the counterfactual scenario), it is impossible to guarantee it
nd only its likelihood can be estimated. Yet this problem tends to be
nderestimated. For instance, a study on offset projects from the Clean
evelopment Mechanism by the UN showed that 85% of the planned
rojects had a low probability of being additional [166].

For combustion to be considered as neutral, it is therefore neces-
ary for the biofuel life cycle to be analyzed according to a rigorous
nd exhaustive method. As illustrated by the example of additionality

15 As mentioned above, this CO2 could in principle be captured and stored
instead of being released in the atmosphere.

16 There is in fact a subjective choice to be made about it, for example, a
trend-based counterfactual scenario or a counterfactual scenario considering
other possible futures.
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Fig. 20. Estimation of LUC emissions for various biofuel pathways.
Source: From Figure 2 in [129].
discussed above, the most delicate point is understanding the influence
of biofuel production on emissions related to land change use, which
will be discussed further on.

LUC emissions. Two types of emissions related to land use change
are distinguished: direct land use change emissions occur when some
land (forest, food crop, etc.) is converted to grow raw materials for
bioenergy, leading to a variation in the carbon store in this land;
and indirect land use change emissions occur when land is converted
somewhere in response to an increase in bioenergy cultures somewhere
else. Although indirect land use change emissions cannot be measured
or observed directly, they can be assessed using socio-economic models.
To take a concrete example, if a wheat field is replaced by a field
of miscanthus, in response to which a forest is cut down to grow
wheat, replacement of the wheat field is counted in direct emissions
and replacement of the forest in indirect emissions. The need to rely
on possibly complex socio-economic models makes the estimation of
LUC emission intrinsically uncertain [147,159,160,167].

Induced land use change emissions encompass both types of emis-
sions, direct and indirect, and are simply referred to as LUC emis-
sions. LUC emissions take into account carbon changes from various
categories, such as natural vegetation, agricultural biomass and soil
(possibly distinguishing peatland). Emissions induced when unused
cultivated land is put back into production and also the effect of
foregone sequestration (avoided emission savings due to reduced af-
forestation) are also taken into account [129,168]. When all these
terms are counted, biofuel combustion can be considered neutral, as
previously discussed.

Values for several production pathways are presented in Fig. 20:
these values are taken from [129], see also [147,168] for other results.

Also, estimating LUC emissions means fixing a time scale. Indeed,
several of the emissions described above only occur once, for exam-
ple like carbon released from peatland converted into a bioenergetic
crop. This instantaneous emission therefore has to be divided over a
time scale which must be set subjectively, and results in a possible
‘‘carbon debt’’ [169,170]. The resulting estimation therefore necessarily
reflects value judgments [165]. Finally, the time value of emissions
and absorption is just as important. For example, emitting CO2 which
will only be offset in 20 to 30 years exacerbates the global warming
problem which is also a short-term problem. In the case of biofuels, this
problem can for example arise for lignocellulose rotations which, even
in short rotation, take many years to grow. This problem is investigated
in details in [147], which concludes that the carbon debt depends on
the production pathway and the land concerned. For instance, ‘‘biofuel
production from switchgrass cultivated on former agricultural lands
20
Fig. 21. Full LCA results for different biofuel production pathways. Green bars indicate
LUC emissions; red bars indicate core LCA emissions; and the dots indicate full LCA
results. Emissions related to land use change are computed with a 25-year amortization
period.
Source: According to figure 2 by Zhao et al. [129].

avoids carbon debt, resulting in immediate net mitigation potential.’’

Full LCA results. Combining core LCA and LUC emissions results in
full LCA emissions. The overall emission factor strongly depends on
the feedstock, the conversion pathway and even the location where
the biomass was grown, with feedstock being the main source of
variability across the pathways for full LCA emission values [129].
Fig. 21 provides a complete estimate for various feedstock, location
and pathways. The emission factors range from negative for US mis-
canthus processed by the FT and ATJ pathways thanks to soil carbon
sequestration [171], to close to 0 for EU miscanthus, switchgrass and
poplar processed by the FT pathway, to positive for other combinations
of feedstock/location/pathways. Recalling that the full LCA emission
factor of fossil kerosene is around 89 gCO2-eq∕MJ [28], some biofuels
are seen to perform even worst than fossil kerosene.

Fig. 22 synthesizes full LCA results for different biofuel pathways
gathered from various sources.

5.2.3. Electrofuels
Electrofuels, also called e-fuels or PtL (Power-to-Liquid) refer to fu-

els that are produced by combining hydrogen produced by electrolysis
with carbon coming from CO2 (collected from atmosphere or industrial
plant, see Section 5.2.1). The general principle of electrofuel production
is represented in Fig. 23. When coming from point sources, the CO2 is
in general still from fossil rather than biogenic origin, and so it can
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Fig. 22. Boxplot for the full LCA emission factor (including LUC) of different biofuel
production pathways. For each pathway, the number of values on which the boxplot
is based is indicated within parenthesis, and the median value is indicated above the
median bar.
Source: Data compiled from [129,132,158,172,173].

Fig. 23. Electrofuel general principle.
Source: Figure 2 from [174].

at best halve global CO2 emissions. In the short-run these sources are
more abundant and are more easily mobilized, but in the long-run,
only atmospheric CO2 has the potential to drastically diminish CO2
emissions.

Electrofuels have been intensively studied, see for instance [175–
180] for general reports and papers, [174,181,182] for papers and
reports more specific to the aviation sector and [153,183–188] for
papers including economic considerations.

Carbon-neutral combustion. Usually, one assumes that the combustion
of electrofuels is carbon-neutral, and the scope of CO2 emissions is
restricted to the electricity production process: this is the reason why
electricity production is mentioned as the only main source of CO2
emissions for electrofuels in Table 6. As it has been discussed for
biofuels, this assumption deserves scrutiny. However, for electrofuels
the situation is much simpler than for biofuels because the carbon that
is used is not mediated by biomass. In particular, the additionality of
the CO2 sink is clear because no CO2 would be sequestrated in the
absence of the man-made carbon-capture technology. This is all the
more true as DAC facilities themselves have a negligible impact on
land use [131,189], and so the impact of electrofuels on land-use is
through the electricity production facilities. Finally, the carbon that is
captured by DAC technologies is directly converted into fuel, so that
21
Table 12
Different values in gCO2-eq∕kWh of electricity production emission factor
by production source (in 2010 and 2050) and world region in 2021. PV:
photovoltaic; CSP: concentrated solar power. Values from [194] for the
values by energy source and Our World in Data for world regions.

By production source

EF in 2010 EF in 2050

Coal (CCS) 210 109
Gas (CCS) 170 78.3
Bioenergy 200 98.4
BECCS – −312
Hydropower 24 –
Nuclear 12 3.5
Wind 11 4.4
CSP 27 11.5
PV 48 6

Values by world region

EF in 2021 –

World 441 –
US 379 –
EU27 262 –
China 544 –

electrofuels do not suffer from the potential problem of carbon debt or
delayed offset.

As already discussed for biofuels, the assumption of carbon-neutral
combustion could tend to obfuscate CO2 emissions that occur during
the conversion process. However, for FT biofuels, the carbon loss occurs
because of the stoichiometric ratio H2/CO of the input biomass as it
will be discussed in Section 5.2.4 below on PBtL. In the electrofuel
pathway, this ratio is controlled, and so there should be no carbon loss.
Most studies indeed suggest that there is no carbon loss in electrofuel
production pathways: Giesen et al. [190, Figure 4] and Liu et al. [191,
Figure 2] provide flow diagrams where the amount of CO2 captured is
equal to that emitted during the combustion, Micheli et al. [131] pro-
vide a detailed LCA with small carbon losses, and Albrecht et al. report
a carbon conversion of 98% [183]. However, König et al. [192] report
a carbon efficiency of 73.7%, while Alhyari et al. [193] suggests that
up to 30% of the input CO2 could be reemitted during the conversion
process.

Kaya identity for electrofuels. Since CO2 emissions for the production of
electrofuels are mainly due to the production of electricity, the Kaya
identity can be refined as follows in order to understand the amount of
electricity needed:

CO2 =
CO2

E[elec] × E[elec]
E[efuel] × E[efuel]

RPK × RPK (3)

with E[elec] the amount of electricity produced and E[efuel] the
amount of energy embarked in the plane in the form of electrofuel. Note
that in this decomposition, CO2 corresponds only to CO2 emitted due to
the electricity production because of the convention of carbon-neutral
combustion discussed above.

Since electrofuels are drop-in, the energy intensity term E[efuel]
Traffic

does not change. The electricity production emission factor CO2
E[elec] is

common to all electricity-based AEC and will be discussed in Sec-
tion 5.4. Current values for electricity production emission factors are
summarized in Table 12, together with estimation for 2050.

Given the wide range of values for the electricity production emis-
sion factor, clear accounting rules are needed in order to determine
which value to use. Two options are commonly considered: the national
grid emission factor, or an assumption of 100% renewable electricity.
In Europe for instance, Article 25, paragraph 3 of the Renewable Energy
Directive (RED II) presents three options for calculating the amount of
renewable energy used in electrofuels [178]:

1. Assume the average share of renewable electricity in the country
of production when importing electricity from the grid;
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Table 13
Overall conversion efficiency for electrofuels. LTE = low tem-
perature electrolysis; HTE = high temperature electrolysis. Here
efficiency is the ratio of the energy in all fuel outputs (mostly
naphtha, diesel and kerosene), divided by the energy input
(mostly under the form of electricity).
Source: Adapted from [182].

CO2 source Conversion efficiency in 2020 [2050]

LTE HTE

Air 38% [41%] 45% [46%]
Exhaust gas 47% [51%] 60% [61%]
Fermentation 48% [53%] 62% [63%]

Fig. 24. Evolution of the electrofuel emission factor as a function of the electricity
production emission factor.
Source: Extract from Extended Data Figure 5 in [180].

2. Assume 100% renewable share if electrofuels are produced via a
direct connection to a new renewable electricity installation that
does not import electricity from the grid;

3. Assume 100% renewable share when importing electricity from
the grid if it can be demonstrated that the electricity is from
renewable sources.

The conversion intensity E[elec]
E[efuel] , defined as the amount of electricity

needed to produce 1MJ of electrofuel, depends mainly on two factors:
the CO2 source and the use of low- or high-temperature electrolysis.
Table 13 summarizes typical values for the conversion efficiency of the
full process. These values, taken from [174], are consistent with those
reported in many different sources such as [124,133,180,190,195–
197]. Both the CO2 source, with concentrated CO2 source being more
efficient than diluted ones, and of the electrolysis technique used, with
electrolysis being more efficient at high temperature than at low one,
influence the conversion efficiency.

Electrofuels emission factors. Electrofuels emission factors thus depend
on the conversion efficiency and the electricity production emission
factor. Fig. 24 shows the evolution of the electrofuel emission factor
with respect to the electricity production emission factor.

Estimates of electrofuel emission factors can be obtained by dividing
the electricity emission factor of Table 12 by the conversion efficiency
of Table 13. For instance, producing electrofuels from the Chinese mix,
in current conditions with low-temperature electrolysis and with CO2
coming from exhaust gas, would result in an electrofuel emission factor
of 321 gCO -eq∕MJ, while an electrofuel produced in 2050 from wind
22

2

Table 14
Different values for electrofuel emission factors depending on the
production pathway, the origin of CO2 and the electricity mix.
Assumptions EF

(gCO2-eq∕MJ)
Ref

Back-of-the-envelope computation from Tables 12 and 13

China mix 2020 + LTE +
exhaust gas

321 Own
calculation

PV 2020 + LTE + DAC 35 Own
calculation

Wind 2050 + HTE + DAC 3 Own
calculation

From literature

Wind/PV in Germany,
renewable world embedding

∼1 [182]

Wind/PV in Germany, today’s
energy landscape in material
sourcing and construction

11–28 [182]

DAC 2030/2050 23/16 [180]

CCU 2030/2050 61/56 [180]

Grid mix 227 [131]

Wind power 9.35 [131]

PV 28.6 [131]

Wind power 9.35–39.5 [131]

DAC 30 [190]

German mix 277 [193]

Wind 8.6 [193]

PV 46 [193]

electricity, high-temperature electrolysis and CO2 from DAC would re-
sult in an emission factor of 3 gCO2-eq∕MJ. These values are consistent
with the values from the literature reported in Table 14.

Comment on selectivity. As for biofuels, the electrofuel production path-
way creates hydrocarbon chains of varying lengths, so that selectivity
remains a relevant notion. Similarly as for biofuels, selectivity does not
affect the core LCA analysis if, for instance, selectivity is expressed in
energy ratios and the energy allocation method is chosen. However,
selectivity becomes important if one seeks to understand the amount of
energy needed to produce a given amount of aviation electrofuel. Such
estimations are for instance performed in the two reports [198,199],
that use a conversion efficiency of ∼20%. But in this case, this ratio is
the amount of electrofuel for aviation obtained from 1MJ of electricity,
and not the total amount of output fuel. Thus, with this 1MJ, one
obtains ∼0.2MJ of aviation electrofuel, but also other co-products.

5.2.4. Power- and Biomass-to-Liquids
As discussed in Section 5.2.2 on biofuels, FT biofuels are among the

most promising biofuels, but they suffer from a large carbon loss. The
carbon flow of FT biofuels is represented in Fig. 25(a), where we see
that the carbon loss mainly occurs during the gas cleaning process. In
order to understand the potential interest of PBtL, one needs to better
understand the origin of this carbon loss. The following explanation
closely follows that given in [200].

The FT reaction transforms H2 and CO to produce hydrocarbon
chains according to the following reaction:

(2𝑛 + 1)H2 + 𝑛CO → CnH2n+2 + 𝑛H2O.

For this reaction to occur, the stoichiometric ratio H2/CO must be
slightly higher than two. However, when biomass is gasified, the prod-
uct gas has an H2/CO ratio of less than one. In order to increase the
ratio to a level that is suitable for FT synthesis, the conventional way
of thinking is to add steam to the syngas so that CO is shifted to CO2
and H2 according to the following water gas shift reaction:

CO + H O → CO + H .
2 2 2
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Table 15
Carbon efficiency is the share of input carbon that ends up in the output fuels. Conversion efficiency
is the ratio between the energy in the fuel output, divided by the sum of power input and energy
in feedstock on Lower Heating Value (LHV) basis. The large range of values for the emission factors
reflects the large variations for the electricity production emission factor.

FT biofuel Electrofuel PBtL Ref

Carbon efficiency range 20%–40% 87%–99% 55–97.7% [130,200–203]
Conversion efficiency range 30%–50% 40%–60% 51%–71% [152,154,156,173,182,200–202]
Emission factor (gCO2-eq∕MJ) −33–27.6 3–330 4–187 [130,172,173]
Fig. 25. Carbon flows for a FT biofuel (top) and PBtL (bottom). Although 62% of the
input carbon is lost in the FT pathway (through acid gas and purge), for PBtL, 92% of
the input carbon ends up in the output fuels.
Source: From [200, Figures 13 and 14].

This increases the H2/CO ratio because it adds H2 and removes CO, but
by doing this, half of the biomass carbon ends up as CO2 and not in the
product, and this is this CO2 which is removed in the gas cleaning step
of Fig. 25(a).

In PBtL, the stoichiometric ratio H2/CO is adjusted by directly
adding H2. The extra hydrogen produced is added at different steps
of the process: most of the hydrogen is added to the syngas at high
temperature and some at low temperature. At high temperature, the
hydrogen is partly converting CO2 into CO in a reverse water gas shift
reaction and partly increasing the H2/CO ratio. At low temperature,
the hydrogen is only used to adjust the H2/CO ratio to the optimal
ratio. This fundamentally changes the carbon flow, as it can be seen on
Fig. 25(b).

Table 15 shows that the carbon efficiency of PBtL is indeed im-
proved compared to FT biofuels. Moreover, PBtL are similar to elec-
trofuels in terms of CO2 emissions but are more efficient from an
energy point of view. This increased efficiency translates in economic
performance in-between biofuels and electrofuels [130,201].

From a mitigation perspective, the destination of the biomass car-
bon is an important criterion to decide between PBtL and FT biofuel.
For PBtL, most of the atmospheric carbon captured by the biomass goes
into the fuel, while for FT biofuel, a large part of this carbon escapes
directly during the production process. Without CCS technologies, the
use of PBtL rather than FT biofuel therefore optimizes the role of
biomass for a given quantity of fuel. However, the use of FT biofuel
coupled with CCS technologies to capture the CO2 emitted during the
production could minimize CO emissions over the whole life cycle
23

2

(or even turn them negative) compared to PBtL. In this case, for a
given quantity of carbon captured by the biomass, PBtL would make it
possible to use all of this carbon to produce fuel, while FT-CCS would
use a part of this carbon to produce fuels, and the other part would be
stored and thus removed from the atmosphere.

5.3. Non-drop-in AEC

5.3.1. General consideration
As it can be seen on Table 6, mainly two non-drop-in AEC are

currently considered: hydrogen and electric batteries. As mentioned
previously, we only consider in this paper hydrogen produced by water
electrolysis. We therefore consider that these two AEC are produced
from electricity: in particular, the Kaya identity (3) introduced to
understand CO2 emissions associated to electrofuels still applies and
can be written as

CO2 =
CO2

E[elec] × E[elec]
E[AEC] × E[AEC]

RPK × RPK (4)

with AEC being either electric batteries or hydrogen. Since these two
AEC do not emit CO2during the flight when they are used to power an
aircraft, there is no need to discuss the assumption of carbon-neutral
combustion, which is key in analyzing CO2 emissions for drop-in AEC.
In Eq. (4), CO2 therefore refers to emissions during the production
of electricity.17 The electricity production emission factor CO2

E[elec] has
already been discussed in Section 5.2.3 and will be discussed in more
details in Section 5.4.

Thus, for each AEC, the discussion below will focus on the two
remaining terms E[elec]

E[AEC] (conversion intensity) and E[AEC]
RPK (energy inten-

sity). From a conceptual standpoint, the main difference between the
Kaya identities (3) and (4) is the energy intensity term E[AEC]

RPK : although
for drop-in fuels this term was the same as for fossil kerosene, powering
an aircraft from electric batteries or hydrogen requires to design a new
aircraft with possibly different energy efficiency.

5.3.2. Hydrogen
Due to the low density of hydrogen, the majority of research projects

consider the use of liquid hydrogen to decrease the volume of hydrogen
on board [206, Figure 16]. Therefore, in the following, we focus on
liquid hydrogen.

Analysis of the conversion intensity term E[elec]
E[AEC] . Conversion intensity

is directly related to the way hydrogen is produced. On Fig. 26, it
can be seen that in 2021, 94Mt of hydrogen was produced, either as
a by-product of naphtha reforming at refineries (16.9MtH2), or from
dedicated production plant (77MtH2) [120]. Out of these 77MtH2, the

17 Concerning hydrogen, this assumption is restrictive. Indeed, a growing
evidence suggests potential leakage during production, transport, storage and
use, with leakage rates ranging from 1 to 10% [204]. Hydrogen is not a
greenhouse gas, but it interacts with methane and ozone [205]. For instance,
‘‘tropospheric oxidation of H2 depletes the hydroxyl radical (OH). Since OH
is the main sink for methane, a potent greenhouse gas, this results in a
lengthening of the methane atmospheric lifetime’’ [204]. By restricting the
perimeter to CO2 emissions due to electricity production, these potential
emissions are therefore neglected.
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Table 16
Summary values for liquid hydrogen production. Electrolysis efficiency is the amount of hydrogen obtained from 1MJ of
electricity; liquefaction intensity is the amount of electricity needed to liquefy 1MJ of hydrogen; and the production efficiency
is the amount of liquid hydrogen obtained from 1MJ of electricity. The 2030 value of liquefaction intensity is based on
technology which was announced in 2017 to be available in the next 5 years [211].
Parameter Unit Range of values Ref

2020 2030

Electrolysis efficiency MJ[H2]/MJ[elec] 56%–81% 63%–84% [196]

Liquefaction intensity MJ[elec]/MJ[LH2] 0.3–0.45 0.18 [211]

LH2 production efficiency MJ[LH2]/MJ[elec] 48%–59% 57%–73% Own calculation
Fig. 26. Hydrogen production mix in 2021.
Source: From the figure on page 71 of [120].

vast majority (99%) was produced from natural gas and coal, with re-
spective emission factors around 12 gCO2∕kgH2 and 23 gCO2∕kgH2 re-
spectively [118,196,207–209], corresponding to around 910MtCO2 of
emissions,18 a figure comparable to those of the aviation sector (see
Section 2.2.1).

Production of hydrogen from electrolysis is currently marginal
(0.04% of total production in 2021 [120]) but is expected to play
an important role for the low-carbon production of hydrogen in the
future. The emission factor then depends on the electrolysis efficiency
(in MJ[H2]/MJ[elec]). Currently, typical efficiency lies in the range
between 56% and 81%, and could increase in the future [196, Table 3].

Finally, hydrogen needs to be liquefied. If hydrogen is available
at ambient pressure, the work for an ideal hydrogen liquefaction
amounts to 3.8 kWh per kilogram of liquid hydrogen, which represents
around 10% of the hydrogen energy content. Recent liquefaction plants
require between 10 kWh∕kg[LH2] and 15 kWh∕kg[LH2], and values
around 6 kWh∕kg[LH2] seem reachable in the short term [210,211] but
at a higher operating cost [212]. As a consequence, as summarized in
Table 16, the energy efficiency of liquid hydrogen (taking into account
the electrolysis and liquefaction steps) currently lies in the range from
48% to 59%, thereby corresponding to a conversion intensity term
E[elec]
E[AEC] in the range from 1.7 to 2.1.

Analysis of the energy intensity term E[AEC]
RPK . The evolution (compared to

a conventional plane) of the energy efficiency of hypothetical hydrogen
aircraft is governed by various technological parameters and design
choices. The reader is for instance referred to the three recent sur-
veys [116,206,213] for in-depth discussions. Here, we briefly describe
the technological evolution with the main impact on energy efficiency.
These evolutions and their impacts are summarized in Table 17.

There is first a design choice, in that hydrogen could be used in
two different ways to power an aircraft: either to power a fuel cell to

18 The IEA indicates more than 900MtCO2 [120]: the more precise value of
910MtCO2 is obtained from the IEA mix of Fig. 26 together with the values
of emission factor mentioned in the text.
24
Table 17
Technological evolution with the main impact on the energy efficiency of hypo-
thetical future hydrogen airplane. A positive (+) (resp. negative (-)) qualitative
impact means a technological evolution which tends to improve (resp. degrade)
energy efficiency.
Technological
evolution

Impact description Qualitative
impact

New fuel Higher fuel LHV
(smaller fuel mass)

+

Lower fuel
volumetric energy
density (negative
impact on load or
aerodynamic)

–

Cryogenic
fuel tank

Higher tank mass –

Fuel cell Higher efficiency of
electric power chain

+

Low specific power
of fuel cell

–

Table 18
Hydrogen summary values compared to the ones of fossil kerosene.
Parameter Unit Kerosene Hydrogen

LHV MJkg−1 min 42.8 119.9

Energy density
(1 bar)

MJ l−1 min 33.2 0.01

Energy density
(700 bar)

MJ l−1 – 4.8

Energy density
(liquid, −253 °C)

MJ l−1 – 8.5

produce electricity within an electric propulsion system, or through its
combustion into a gas turbine. The gas turbine design necessitates only
minor technological evolution, whereas the fuel cell design benefits
from the higher efficiency of electric propulsion; however, fuel cells
incur a mass penalty due to their current limited specific power [198].

Compared to kerosene, Table 18 shows that hydrogen has a higher
specific energy (LHV), but a lower volumetric energy density. Thus,
embarking the same amount of energy entails less mass but requires a
higher storage volume. Having to embark a larger volume of fuel has a
negative impact on efficiency compared to conventional kerosene tube-
and-wing aircraft. In this case, two solutions can be considered. On
the one hand, by keeping the same architecture, the hydrogen tanks
could be integrated into the fuselage, which would reduce the volume
available to carry the payload and so the passengers. On the other
hand, the architecture could be adapted by lengthening or widening
the fuselage or wing, which would result in an increase in weight
or a decrease in aerodynamic performance. However, other aircraft
configurations, such as blended-wing body, could be interesting due to
a larger available volume.

To ease this volume issue, hydrogen can be embarked under liquid
state onboard large commercial aircraft, which explains why many
research projects are focused on liquid hydrogen. Indeed, the hydrogen



Progress in Aerospace Sciences 141 (2023) 100920S. Delbecq et al.
Fig. 27. Evolution of the energy usage relative to a conventional aircraft as a function
of the tank gravimetric efficiency, see detailed discussion in the body of the text.
Source: From [206, Figure8].

volumetric energy density is higher in this state (8.5MJ l−1). This re-
quires to store hydrogen at a temperature of −253 °C, which necessitates
heavy cryogenic fuel tanks [214–218]. Actually, the incurred mass
penalty is an important driver for the aircraft total efficiency, as can be
seen on Fig. 27. In this figure, the performance of a cryogenic fuel tank
is assessed through its gravimetric efficiency (sometimes also called
gravimetric index, for instance in [198,219]), defined as the ratio of
the fuel mass divided by the sum of fuel and tank mass. For instance,
a gravimetric efficiency of 67% corresponds to a tank which is twice
lighter than the fuel it carries. The gravimetric efficiency of kerosene
tanks is very high, ranging between 90 and 98% [216,219], whereas
that of cryogenic hydrogen is lower. The gravimetric efficiency depends
(among other things) on the volume storage of the tank, and so it also
indirectly depends on aircraft design [220]. Currently, values are in
the range between 10 and 20% [198,219]; values in the range 30 to
40% are set as targets by the Clean Hydrogen JU in 203019; and values
above 60% appear to be prospective values. For instance, [216] reports
that a maximal gravimetric efficiency of 65% could be achieved with
a spherical cryogenic tank. However, this shape has a low packing
density and so cylindrical tanks with hemispherical ends are usually
considered [215]. [215] reports a baseline value of 45%, qualifies
values of 30% as pessimistic and values of 85% as futuristic.

In summary, some technological evolution will have a positive
impact on energy efficiency, and others a negative impact. One can
also add to the list of Table 17 the increase in structural weight (fuse-
lage and wings) [221]. All-in-all, the global impact on aircraft energy
efficiency depends on many assumptions, such as the evolution of tank
gravimetric efficiency or design choices. Adler and Martins [206] have
a particularly insightful analysis of Fig. 27: ‘‘for low gravimetric effi-
ciencies, hydrogen aircraft performance worsens relative to kerosene
aircraft the further the flight. The assumption of a lower tank gravimet-
ric efficiency is why some say hydrogen is only suitable for short- and
medium-range aircraft. However, when the tank gravimetric efficiency
is high, the opposite trend is observed: hydrogen aircraft improve over
conventional kerosene aircraft as the range increases. The tipping point
where the trend flips is around a tank gravimetric efficiency of 55%,
regardless of the mission range’’ [206]. This analysis is coherent from
data that can be gathered in the literature on cryoplane design, and
which is summarized in Fig. 28. It must be stressed that on this figure,
data are not entirely homogeneous. For instance, according to the
study, efficiency is measured in MJ/RPK or in MJ/ASK; moreover, the
technology levels considered may belong to different years.

19 See for instance the Clean Hydrogen JU - SRIA Key Performance Indicators
(KPIs), accessed on 30th, March 2023.
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Fig. 28. Each point represents a cryoplane proposed in the literature, and plots its
energy efficiency (relative to a conventional aircraft) against the assumed value of
gravimetric efficiency. Below gravimetric efficiency of 0.5, efficiency degrades with
range, and the trend seems to reverse above 0.5, thus confirming the insight of Adler
and Martins [206].
Source: Data compiled from [127,198,212,219,221–223].

Table 19
Conversion efficiency and energy effi-
ciency relative to a conventional aircraft
for the all-electric aircraft of [225].
Parameter Value

Conversion efficiency 76%
Energy efficiency +58%

5.3.3. Electric batteries
In this section, all-electric aircraft using batteries are discussed. The

in-flight climate benefits of an all-electric aircraft are clear, as such
an aircraft would entail no emissions at all, thereby decreasing CO2
emissions and also non-CO2 impacts (note that contrails could still be
formed [224]). Similarly as for hydrogen, the CO2 emissions associated
to electric batteries can be analyzed through the Kaya decomposition
for electricity-based AEC (4), and so we need to discuss the conver-
sion intensity term E[elec]

E[AEC] and the energy intensity term E[AEC]
RPK . The

following analysis is based on the recent study of Gnadt et al. [225]: the
values of conversion and energy intensities are summarized in Table 19
and briefly commented below.

Analysis of the conversion intensity term E[elec]
E[AEC] . Losses corresponding to

two steps can be considered when storing electricity into batteries: 1/
transport of electricity and 2/ storage of electricity into the battery.
Typical loss rates due to transport amount to 10%. For instance, 97 EJ
of electricity was produced in 2019 for 82 EJ of electricity as final
energy [123], corresponding to losses of around 15%; in [225], a
value of 7% is used for transport loss. Concerning battery charging and
round-trip efficiency, a value of 81% is considered in [225].

Analysis of the energy intensity term E[AEC]
RPK . The main problem facing

all-electric aircraft is that of battery weight. Note that battery specific
power is also an issue, but less so than the issue of battery specific
energy [108,111,225].

Currently, state-of-the-art Li-ion batteries achieve specific energy
around 0.2 kWhkg−1, compared to a specific energy of 12 kWhkg−1 for
jet fuel (corresponding, at 50% gas turbine efficiency, to an effective
density of 6 kWhkg−1). Therefore, embarking the required amount of
energy in the form of batteries would induce a prohibitive weight
penalty. Gnadt et al. [225] assess the feasibility of an all-electric 180-
passenger commercial aircraft. One of their conclusions is that an
all-electric 180-passenger commercial aircraft with a mission range
of 500NM (900 km) would require battery specific energy of at least
0.8 kWhkg−1, which represents a four-time increase over current values.
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Fig. 29. Break-even years for the all-electric aircraft of [225], with two different
scenarios, BAU (business as usual) and HRE (high renewable energy), for the evolution
of the electricity carbon intensity, and different assumptions for the battery specific
energy. Even with optimistic batteries with a specific energy of 0.8 kWhkg−1 (see text),
an all-electric aircraft would only break even with the corresponding conventional
aircraft with fossil kerosene after 2040.
Source: From Figure 30 in [225].

Despite the more efficient electric powertrain (66.1% onboard effi-
ciency for an all-electric aircraft vs. 43.1% for a conventional aircraft
in [225]), there is a strong mass penalty: the maximum takeoff weight
of the all-electric aircraft of [225] is 2.6 times higher than that of its
conventional counterpart. This mass penalty ultimately translates to a
decrease of the energy intensity, which increases by 58% compared to
a similar conventional aircraft [225].

Moreover, batteries with specific energy of at least 0.8 kWhkg−1 are
not foreseen on a commercial scale before 2050 [108]. This is the main
reason why papers that have assessed the potential climate benefits of
all-electric aircraft conclude that they will only have a marginal impact
by 2050 for short-medium-range and long-range aircraft [111,225].

5.4. Break-even years for electricity-based AEC

The carbon intensity of electricity-based AEC depends crucially on
the carbon intensity of the electricity: values of AEC carbon intensity
were for instance given in Table 14 for electrofuels, for varying assump-
tions on the electricity carbon intensity. We see that if the electricity
carbon intensity is too high, the electrofuel carbon intensity is higher
than that of fossil kerosene, but electrofuels become beneficial when
produced from dedicated low-carbon electricity sources (renewable or
nuclear). A similar analysis applies to all other electricity-based AEC,
in particular electric batteries and hydrogen (when produced from
electrolysis); it also applies, but to a lesser extent, to PBtL. Currently,
many electricity mixes lead to AEC carbon intensity higher than that of
fossil kerosene, but as mixes evolve towards mixes with a higher share
of low-carbon electricity sources, there is a point in time where the AEC
would break even with fossil kerosene. This break-even year is of prime
importance, because even if all the aviation-related technologies were
available, the new AEC would not be beneficial for climate before this
break-even year.

The analysis of break-even year was for instance made for electric
batteries in [225]. Fig. 29 shows the result of the analysis. As the
electricity carbon intensity decreases, the all-electric aircraft considered
becomes more and more efficient, but even with batteries with a
specific energy of 0.8 kWhkg−1 which are not foreseen before 2050
(see above), it is only after 2040 that the all-electric aircraft would
become beneficial relative to a conventional aircraft powered with
fossil kerosene. Concerning hydrogen, a study of the French national
environment agency ADEME showed that the break-even year at the
world level would be in 2045, and beyond 2050 for Asia-Pacific and
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Africa. However, the break-even year would be before 2030 for central
and south America and Europe [226]. Concerning electrofuels, data
such as those displayed in Fig. 24, coupled with scenarios for the
evolution of the electricity carbon intensity, leave open the possibility
to carry on similar analysis. Lastly, it is important to note that the
concept of break-even year applies in the case of electricity from the
grid, and not for dedicated electricity which can be low-carbon right
now.

6. Non-CO2 mitigation levers

As discussed in Section 2, it is mandatory to consider the role
of non-CO2 effects to correctly evaluate the impact of aviation on
climate. The comparison of these effects with CO2 effects in terms
of warming potential is not straightforward, depending also on the
time horizon chosen. However, while the lifetime of most of non-
CO2 effects is usually short (typically a couple of hours up to a couple
of months), their instantaneous effects are sufficiently important to
represent more than half of the current effective radiative forcing due
to aviation. As a consequence, it is mandatory to consider an adequate
mitigation policy also for these non-CO2 effects. A particular care has to
be brought when considering the reduction of these non-CO2 climate
forcers, because some of associated mitigation levers may lead to an
increase in CO2 emissions.

Among non-CO2 effects, the most important impacts come from
NOx emissions (+17.5mWm−2) and contrail-induced cirrus induced by
the aircraft contrails (+57.4mWm−2). For these two effects, specific
mitigation strategies are discussed in the next paragraphs.

6.1. NOx emissions

The majority of NOx are emitted during the cruising phase, where
particular chemical reactions lead to the formation of ozone (O3). In
all cases, the reduction of NOx remains challenging for aviation. The
adaptation of the engine design to reduce NOx emissions is not straight-
forward since the quantity of these emissions depends on the flight
phase due to the engine rotation speed [227]. Moreover, an increase
of the engine core temperature, which improves the thermal efficiency
of the engine, is usually targeted but increases NOx emissions [228].
As a consequence, a reduction of NOx could lead to a decrease of
the engine efficiency and thus to an increase of the fuel burned and
associated CO2 emissions. The lifetime of NOx effects on climate are
typically lower than a month, so the warming effect of an even small
increase in CO2 would overcome the benefit of NOx reduction. An
optimization is therefore necessary between fuel consumption and
NOx emissions [229].

The effects of NOx depend on the region where they are emitted, but
the main driver remains the influence of meteorological conditions and
the transport pathways of such emissions within the first weeks after
emissions [230,231]. For example, when NOxemissions are transported
towards high latitudes, where photochemical activity due to solar
irradiance is lower, it results in a limited production of ozone (so
minimizing the warming effect), while the transport of NOxemissions
towards lower latitudes increases significantly the production of ozone,
thus leading to a strengthened warming effect [232]. The mitigation
of NOx effects could thus benefit from improvement in engine tech-
nology, as well as an adaptation of the flight path to avoid some
climate-sensitive regions.

However, major uncertainties remain concerning the future impact
of aviation NOx emissions on climate. Indeed, the impact of NOx emis-
sions depends in particular on atmospheric NOx and methane back-
ground concentrations. Changes in background concentrations could
thus lead to small or negative climate forcing induced by aviation
NOx emissions [233]. These results could therefore call into ques-
tion the objective of reducing NOx from aviation to mitigate the cli-
mate impact of aviation. For these reasons, Skowron et al. [234]
conclude that an improvement in efficiency is preferable to a decrease
in NO emissions.
x
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6.2. Contrails-induced cirrus

To attenuate the climate impact of contrails and induced cirrus, it
is necessary to identify the main physical mechanisms involved in their
creation and development. First, the condensation of water droplets in
the atmosphere, which is the root mechanism at the origin of contrails,
is favored by the presence of natural or artificial aerosols. The burning
of kerosene is usually an important source of artificial particles in the
aircraft plume (the burning of 1 kg of kerosene emits about 1014 − 1015

soot particles [235]), but such soot-rich exhausts are not mandatory
for contrails to form and an optimum in particle concentration could
theoretically exist [33]. However, more than the creation of a contrail
in itself, it is their development and persistence that is responsible
for the impact on climate. In some conditions, contrails can persist,
spread and evolve into contrail-induced cirrus with observed lifetimes
of up to a few hours [236]. Typically, in the North-Atlantic area, 70%
of contrails formed are short-lived with negligible influence, 20% of
contrails are persistent but with a net cooling effect while only 10% of
contrails are persistent with a strong warming impact [237].

Two conditions are necessary for a contrail to persist as presented in
Section 2. First, the possibility for such a contrail to form in particular
atmospheric conditions can be evaluated with the revised Schmidt–
Appleman criterion [238]. This criterion is based on the evaluation of
the path of the aircraft plume from the engine exhaust conditions until
ambient conditions, in terms of both temperature and humidity. This
path has to cross the saturation curve with respect to liquid water to
observe the condensation of water droplets. This possibility depends on
the value of the slope given by the 𝐺-factor (PaK−1) defined as:

𝐺 =
𝑝 𝐶𝑝

𝜖
×

𝐸𝐼𝐻2𝑂

(1 − 𝜂) 𝑄
, (5)

where 𝜖 = 0.622 is the ratio of molar masses of water and dry air,
𝐶𝑝 = 1004 J kg−1 K−1 is the constant pressure air heat capacity and 𝑝 is
the ambient pressure of atmosphere. 𝐸𝐼𝐻2𝑂 is the fuel related emission
index of water vapor (= 1.25 kg per kg of burned kerosene), 𝑄 is the
fuel Lower Heating Value (=43 MJ per kg of kerosene), and 𝜂 is the
overall aircraft efficiency (typically 𝜂 = 0.3). The Schmidt–Appleman
criterion only estimates if a contrail can form, so a second condition is
necessary to estimate the contrail persistence: the aircraft must fly in
an ice supersaturated region (relative humidity with respect to ice must
exceed 100%).

To mitigate contrail-induced warming, it is not necessary to avoid
all contrails and even not all persistent contrails. Targeting only those
responsible individually for the largest warming impact is sufficient
to largely eliminate the overall climate effect of contrail-induced cir-
rus [239]. Different approaches can be considered to reduce such
contrails. In the following, the focus is done on the two approaches that
have been largely investigated: the flight diversions and the reduction
of artificial aerosols emissions [236].

6.2.1. Flight diversion
An efficient mitigation strategy would rely on the avoidance of ice

supersaturated regions during the flight path [240], but not in a general
manner to avoid useless increase in cost, flight time and both CO2 and
NOx emissions. However, such flight diversion strategies drastically
increase air traffic complexity and the risk of potential conflicts [241].
Only a minority of flights generate most part of the contrails, typically
less than 20% [242] and even a lower fraction of flights are responsible
for the warmest persistent contrails, which preferentially form during
winter night flights [239].

The deviation strategy should thus consider a minority of flights,
preferentially during some periods of the day (e.g. the night) and
during some seasons (e.g. the winter). The main strategy considered
is to divert the aircraft trajectory, in the horizontal direction [243]
or in the vertical one [244], as illustrated in Fig. 30. Usually, short-
lived contrails form at the tropopause level and above the jet stream,
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Fig. 30. Illustration of horizontal (left) and vertical (right) flight diversion strategies
in order to avoid the formation of contrails. (See [243,246]).

while persistent contrails are located below the tropopause and at the
altitude of the jet stream [245], which plead for a modification of the
flight altitude up to a few kilometers as an efficient way to reduce the
contrail influence. Different strategies can be used to modify the flight
altitude [34], such as: (1) change cruise altitude on a global scale; (2)
restrict cruise altitudes for determined regions during a given period of
the year; (3) change aircraft cruise altitude during flight depending on
meteorological conditions.

Such diversion-based methods seem promising: minor changes of
the aircraft trajectory, without fuel burnt increase, could result in
a 20% reduction of the contrail energy forcing [242]. The potential
generalization of diversion strategies, applied to the whole fleet, could
lead to a reduction of about 60% of the contrail energy forcing at
an extra cost of 0.014% for the fuel burnt [242]. When considering
both CO2 and non-CO2 effects in the objective function, such trajectory
optimization could reduce the climate impact of aviation up to 40%
with only a moderate 0.5% penalty on fuel burnt [247].

Different diversion strategies can be implemented to reduce non-
CO2 effects, based on different climate metrics. In all cases, the predic-
tion of optimal climate trajectories requires an accurate evaluation of
the operational constraints, aircraft performance and climate impact.
Contrails can be predicted with some success, but the evaluation of
their persistence, while necessary, remains challenging [239]. In that
context, the main weakness of these mitigation strategies is the uncer-
tainties associated to engine emissions, climate modeling and weather
forecast, which, if not correctly considered, could lead to unreliable
solutions [57,248].

6.2.2. Aerosols reduction
Along with the modification of the trajectory, another approach is

to reduce the quantity of artificial aerosols emitted by the engine. This
could be achieved by improving/modifying the engine design or by
replacing kerosene by AEC.
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Concerning the solutions based on engine design, adapted combus-
tion chamber designs, such as dual annular combustors consisting in
a double injector rows [249], can for instance reduce by one order
of magnitude the number of particles per kilogram of burnt kerosene,
compared to conventional combustion chambers. Such low emissions
combustors, combined with an adequate diversion strategy, could re-
duce up to 90% the forcing due to contrails, compared to classical
combustors [242]. Another alternative is to evaluate the potential
of fuel-cell-based electric engines on the generation of contrails. The
main advantage of such a technology is to eliminate artificial aerosols
emissions, but in turns it increases the water vapor emissions per unit of
energy. Recent theoretical works have shown that such fuel-cell-based
engine could generate more frequent contrails, including at the ground
level, but with an energy forcing much lower than kerosene-based
engine [224]. Such fuel-cell engine will also generate shorter lifetime
contrails, reducing their persistence. As a consequence, fuel-cell-based
engine would be beneficial to reduce non-CO2 effects (including NOx).
In the case of a hybrid-electric engine, integrating battery with a
turbofan, the conclusion depends on the ratio between electric and
thermal powers. A reduction of the contrail influence is observed only
when a significant fraction of electric power is used, typically more
than 30% [250].

The other solution is to replace kerosene by other AEC. On the one
hand, the use of drop-in AEC that contain a lower quantity of soot
precursors such as aromatics, like biofuels, could have a significant
impact on contrails. For instance, a 50∕50 mix between conventional
kerosene and biofuels decreases soot emissions by 50% [251]. An
even larger reduction of soot emissions, up to 70%, can be obtained
with a coal-based fuel with the Fischer–Tropsch process [47]. Such
reduction of the artificial aerosol quantities could reduce the quantity
of ice crystals observed within contrails [252,253]. Experimentally,
a reduction of 50% of the soot quantity lead to a reduction in the
number of ice crystals from 45% to 75% [47]. These results have been
confirmed by in-situ measurements, showing that the burning of low
aromatic fuels can result in a 50 to 70% reduction in soot and ice
number concentrations [254]. Combined with an increase of their size,
which lead to a more rapid sedimentation, such large soot reduction
will reduce the radiative forcing of contrails up to 50% [255]. On the
other hand, other AEC, such as hydrogen, can also be considered to
reduce artificial aerosol emissions. However, the burning of hydrogen
will release a high quantity of water vapor [256]. The G-factor, used
in Eq. (5), which gives an estimation of the potential formation of
contrails (but not on their persistence), will be increased by a factor
2.6 compared to kerosene engine (considering the same value for the
overall efficiency). As a consequence, the probability to create contrails
with liquid hydrogen is largely increased. A recent work also suggests
that the probability of persistent contrails, which can be precursors
of induced cirrus, could be increased up to 30% [245]. However, the
life duration of these persistent contrails induced by the burning of
hydrogen could be reduced compared to kerosene, so their impact on
climate remains uncertain. There is thus a lack of consensus in the
literature about the potential of hydrogen to decrease the warming
impact of contrails and induced-cirrus on climate [256].

6.2.3. Other levers
Other levers are also investigated. For example, from an operational

point of view, recent advances have been achieved to take advantage of
the saturation effect, when contrails of two or more aircraft compete for
available atmospheric water vapor in close proximity. In that context,
formation flights could reduce significantly the contrail persistence as
well as fuel consumption [257–259]. Moreover, solutions also probably
exist at the aircraft level to reduce the lifetime of contrails. Acting
on the wingtip vortices, thanks to an early triggering of the natural
Crow instability [260,261], could help to accelerate the dispersion of
contrails. This can be done for example through a deflection of the
aircraft ailerons at the appropriate frequency [262] or by injecting a
28

disturbance in the vicinity of the vertical tail [263].
6.3. Conclusion

As a conclusion, several mitigation strategies and levers have al-
ready been proposed in the literature to efficiently reduce the impacts
of non-CO2 effects, especially regarding the formation and persistence
of contrails. However, significant uncertainties remain, especially re-
garding weather predictions and climate impact of some mitigation
levers. The reduction of these uncertainties and their better integration
in the trajectory optimization strategy are challenging but are also key
priorities that could allow major reductions of non-CO2 effects. These
promising strategies should then demonstrate their full potential in-
situ. If successful, an important reduction of these effects on climate
could be an achievable target.

7. Literature overview of aviation transition scenarios

If current trends were to continue, aviation could emit around
35GtCO2 between 2022 and 2050,20 representing almost 10% of the
carbon budget for limiting the temperature increase to 1.5 °C with 67%
chance (see Table 1). According to other estimates [265], aviation
could account for 22% of global CO2 emissions in 2050 under such
trends. Moreover, CO2 effects are only a minor share of aviation
climate impact, as seen in Section 2. It is therefore clear that aviation
CO2 emissions, and more generally its climate impacts, need to be
addressed.

Prospective scenarios including socio-economic, environmental
and/or technological aspects are relevant tools to explore and assess
possible futures [266]. Such scenarios can use a forecasting approach,
where trends are set and scenarios are considered to assess their
consequences, or a backcasting approach where a target is set, and
scenarios compatible with this target are identified. They can rely
on technological levers of action but also on various political and
socio-economic levers (economic measures, air traffic regulation. . . ).

The objective of this part is to provide a general overview of
prospective scenarios for aviation in the context of climate issues. We
first present in Section 7.1 the institutional and industrial targets in
terms of climate impact mitigation that have been proposed in recent
years. We then analyze in Section 7.2 the scenarios that have been
studied in relation with these objectives. A synthetic comparison of
the various academic works is finally performed in Section 7.3, which
discusses in particular the methodologies and evaluations of climate
sustainability.

7.1. Institutional and industrial objectives

Between 2000 and 2021, at least 21 different sustainability tar-
gets have been set by institutional (ICAO and European Union) and
industrial stakeholders [267]. More than half of these targets are set in
terms of aircraft energy efficiency. However, as it has been discussed in
Section 3 about historical evolution of Kaya decomposition, improving
efficiency does not necessarily translate into a decrease in global impact
because of the rebound effect. In the following, we present some global
CO2 emissions targets, summarized in Table 20.

In 2009, the civil aviation industry set three global goals to ad-
dress its climate impact: a short-term efficiency improvement goal of
1.5% per annum, a mid-term goal to cap net CO2 emissions through
carbon-neutral growth, and a long-term goal to halve net aviation
CO2 emissions by 2050 compared with 2005 levels [268]. In 2021,
this target was strengthened, with the air transport sector aiming in
the ‘‘Commitment to Fly Net Zero 2050’’ declaration to reach carbon
neutrality in 2050 [270].

20 Number obtained by a rough graphical reading from ATAG Scenario 0:
baseline/continuation of current trends [264]; in particular, traffic by +3.1%
per year.
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Table 20
Some institutional and industrial objectives concerning global CO2 emissions. Sustainability targets in terms of energy efficiency or biofuel adoption are
for instance reviewed in [267].
Organization Year Objective Ref

ATAG
2009 Mid-term goal: mid-term goal to cap net CO2 emissions through carbon-neutral growth.

Long-term goal: halve net aviation CO2 emissions by 2050 compared with 2005 levels Mentioned in [268,269]

2021 Carbon neutrality in 2050 [270]

ICAO 2010 Achieve a collective medium-term global aspirational goal of keeping the global net
carbon emissions from international aviation from 2020 at the same level

[271, Resolution A37-19]

2022 Achieve a collective long-term global aspirational goal for international aviation of
net-zero carbon emissions by 2050

[272, Resolution A41-21]

European
commission

2012 Reducing CO2 emissions by 75% per passenger and per kilometer in 2050 compared to
2000

[273]

2022 Carbon neutrality in 2050 [274]

A4E, CANSO,
ERA, ACI, ASD

2021 Carbon neutrality in 2050 [275]
Some of the industry objectives were adopted shortly thereafter by
he ICAO. During its 37th assembly in September/October 2010, the
CAO assembly adopted the resolution A37-19 that defines the ‘‘mid-
erm aspirational goal of keeping the global net carbon emissions from
nternational aviation from 2020 at the same level’’ [271], while during
ts 41st assembly in October 2022, the ICAO assembly adopted the reso-
ution A41-21 which, in addition to the target of carbon-neutral growth,
efines a ‘‘long-term global aspirational goal for international aviation
LTAG) of net-zero carbon emissions by 2050’’ [272]. In-between, ICAO
dopted in 2016 CORSIA (Carbon Offsetting and Reduction Scheme for
nternational Aviation), a carbon offset scheme for emissions above the
019 level [276].

The previous targets were set at the global level (restricted to
nternational aviation for ICAO) but regional targets have also been
roposed. For instance, at the European level, the High-Level Group
n Aviation Research of the European Commission proposed in 2012
technological target of reducing CO2 emissions by 75% per pas-

senger and per kilometer in 2050 compared to 2000 [273]. Later,
the Advisory Council for Aviation Research and Innovation in Europe
(ACARE), which is a public–private partnership that aims to improve
the competitiveness and sustainability of the European Union in the
field of aeronautics, strengthened this objective to carbon neutrality by
2050 for European air transport [274]. This objective is consistent with
the more recent commitments defined by European aviation industry
associations. Concerning offsetting schemes, the European Union has
adopted a more proactive policy for intra-European flights through
its Emissions Trading System (EU-ETS) [277] in addition to COR-
SIA. Initial work on the integration of non-CO2 effects in the EU-ETS
framework has also been published [278].

Moreover, other issues are addressed and targeted, particularly con-
cerning the use of alternative energy carriers. For instance, a roadmap
to promote the emergence of SAF has been drawn up by the European
Union through the ReFuelEU initiative [279]. Targets for the integra-
tion of AEC into the fleet have been set for drop-in fuels, although
the integration of hydrogen is also studied. For example, the objective
proposed by the European Parliament is that SAF should represent 6%
of aviation fuels in 2030 and 85% in 2050.

7.2. Analysis of prospective scenarios

In this section, an analysis of prospective scenarios for air trans-
port is achieved. Scenarios from institutional, industrial and private
stakeholders are briefly mentioned in Section 7.2.1, whereas academic
scenarios are then discussed in details, distinguishing scenarios focusing
only on CO2 effects (Section 7.2.2) and those including non-CO2 effects
(Section 7.2.3).
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7.2.1. Scenarios from institutional, industrial and private stakeholders
Many institutional, industrial and private stakeholders proposed

prospective scenarios for the evolution of CO2 emissions from air
transport. In these different reports, various technological, operational,
energy and economic levers of action are considered.

For institutional and industrial stakeholders, prospective scenarios
are often used to support various targets set. The Air Transport Action
Group (ATAG) for instance published different scenarios in its report
Waypoint 2050 [264] in order to reach carbon neutrality in 2050. The
use of sustainable aviation fuels represents the major lever of action for
reducing CO2 emissions in these pathways. Similarly, ICAO published
a report on the feasibility of long-term aspirational goal (LTAG) for
reducing CO2 emissions from international civil aviation [280]. Several
scenarios are proposed and are given in Fig. 31. It is interesting to note
that their cumulative CO2 emissions are compared to carbon budgets.
This report contributed to the recent adoption of the objective of carbon
neutrality for international flights by 2050 at the ICAO Assembly
41st Session in 2022. At the European level, the report Destination
2050 [275] offered similar analyses, with specific assessments of the
effect of technological and economic measures on demand.

Finally, studies have also been carried out by non-governmental
organizations such as the International Council on Clean Transporta-
tion (ICCT). In its report Vision 2050 - Aligning aviation with Paris
Agreement [281], the ICCT analyzed four pathways using the PACE
model for evaluating future global aviation CO2 emissions. As for ICAO
LTAG report, cumulative CO2 emissions of different scenarios are also
compared to carbon budgets.

7.2.2. Academic scenarios only focused on CO2 effects
Prospective scenarios for the aviation sector have been considered

in the scientific literature since at least 1998 [282] and the number of
publications has been increasing in recent years. Similarly as for the
institutional, industrial and private stakeholders, various climate im-
pact mitigation levers of action are considered. We begin this literature
review by discussing studies focusing on CO2 emissions alone.

In a 2005 paper and then in his doctoral thesis in 2011, Åker-
man [283,284] concluded on the need to stabilize the number of flights
per inhabitant to levels slightly higher than those of the 2000s, to limit
atmospheric CO2 concentration to 450 ppm. To reach this conclusion,
he considered that the aviation sector is allocated its grandfathering
share of 2.7% of the total carbon budget, which thus corresponds to the
aviation sector’s contribution to CO2 emissions in 2000. The scenarios
considered do not include disruptive innovation such as a flying wing
or hydrogen engine, but rather assumes a reduction in flight speed
combined with a massive conversion of the fleet to turboprop. Åkerman
justifies this choice by the level of risk: such a scenario has very high
feasibility unlike scenarios based on disruptive innovations.

In 2010, Mayor and Tol [285] used a model for projecting by region
the tourist numbers and CO emissions from international tourism.
2
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Fig. 31. LTAG Integrated Scenarios [280, Figure 1].
They showed a future increase in terms of trips number but also dis-
tance traveled. Several technological, economic and political scenarios
are then tested to evaluate CO2 emissions until 2100. In each scenario,
they increase at least until 2050 and then decrease due to lower traffic
growth.

Still in 2010, Owen et al. [286] considered five different scenarios
based on the IPCC Special Report on Emissions Scenarios and on tech-
nology targets of ACARE that determine the evolution of traffic growth
and of technology. They computed the evolution of CO2 emissions,
which grow between 2000 and 2050 by a factor in the range of 2.0
and 3.6 depending on the scenario.

In 2012, Gudmundsson and Anger [287] performed a meta-analysis
based on 30 different scenarios (including those of [282,286] discussed
above), with annual air traffic growth rates between 1.2% and 4.6%.
They concluded that incremental technological improvements do not
make it possible to lower emissions from the aviation sector by 2050
below their year 2000 level. The only scenario with traffic growth
meeting this reduction target implies major disruptive innovation with
the advent of hydrogen as energy carrier.

More recently, the work by Terrenoire et al. [288] evaluated dif-
ferent scenarios in terms of temperature by 2100, but only focus-
ing on CO2 emissions. For instance, an ICAO pre-COVID scenario is
considered, based on a 4.6% increase in air traffic per year and an
improvement in energy efficiency of 2% per year. In this case, by
comparison with the temperature rise of the IPCC RCP2.6 reference
scenario [289], the authors show that the contribution of CO2 emissions
from aviation to anthropogenic warming over the period 1940–2100
would be 5.2%. Therefore, the contribution of aviation to global warm-
ing is likely to increase significantly by 2100 with this ICAO scenario.
Among all the scenarios studied by Terrenoire et al. the most ambitious
one presumes a linear reduction in emissions from 2020, to reach half
of the 2005 emissions by 2050 (the 2009 industry target). However, the
mechanisms leading to such a decrease are not specified. According to
this scenario, the contribution of CO2 emissions from aviation to total
anthropogenic warming by 2100 would only be 1.9%, which would
constitute a net reduction compared to the past 1750–2011 period.

7.2.3. Academic scenarios including non-CO2 effects
Extending the analysis of prospective scenarios to account for non-

CO2 effects enable to achieve exhaustive analyses of the impact of
scenarios in terms of temperature and comparison with climate objec-
tives, but requires the development of specific methodologies. These
methodologies will be discussed in more details in Section 7.3.2. Works
trying to extend the analysis beyond CO2 date back to at least 2000
with Sausen and Schumann [42] including the effect of NOx emissions.
In the following, we will review the most recent papers which account
for CO2 and non-CO2 effects. As it will be seen, most of the papers that
focus on these themes are relatively recent.
30
In 2006, Ponater et al. [256] carried out a detailed analysis of
scenarios with a transition to a fleet entirely powered by hydrogen,
with a detailed account of the radiative forcing from CO2, contrails,
water and NOx(through the impact on ozone and methane). Retrospec-
tively, their scenarios relied on very optimistic assumptions: cryoplanes
started to be introduced into the fleet as soon as 2015 for replacing
the whole fleet and the CO2 emissions due to the hydrogen production
were neglected. A climate impact reduction of between 15% to 50%
in terms of radiative forcing by 2050 was found, with a best estimate
near 30% in case of a swift transition. Given the optimistic assumptions
underlying this result, this suggests that hydrogen will actually only
have a marginal impact on the mitigation of aviation climate impact by
2050, which was for instance confirmed by a recent ICCT study [281].
However, the results of Ponater et al. [256] suggest more significant
mitigation gains beyond 2050.

Ivanovich et al. [290] proposed scenario analyses for international
shipping and aviation. For air transport, business as usual scenarios
could lead to an increase in temperature greater than +0.03 °C between
2020 and 2100, which would compromise the objectives of the Paris
Agreement. The authors highlight the fact that stringent mitigation
measures may limit this climate impact, and even lead to a temperature
decrease of −0.02 °C between 2020 and 2100. However, contrails are
not modeled in this paper and are only studied quantitatively. More-
over, the models used to assess the current climate impact of NOx
emissions from aviation provide results that differ from all aviation-
specific studies. Indeed, a net negative radiative forcing (leading to
a cooling effect) is obtained when estimating their current impact
on climate whereas, even if the magnitude is subject to debate [49],
there is a consensus that aviation NOx emissions currently have a net
warming effect. This can be explained by the fact that in [290], ground
level and not upper air models are used.

Gössling et al. [291,292] studied different pathways to low-carbon
air transport. Based on specific models for COVID-19 recovery, fuel cost
and elasticity, authors show that air transport demand will continue
to grow, but slower than previous forecasts. They also question the
long-term business model particularly due to the production capacity
and higher cost of biofuels and electrofuels. In this study, non-CO2
effects are taken into account through a simple model by applying a
multiplicative coefficient to CO2 emissions.

Grewe et al. [293] evaluated the climate impact of different scenar-
ios for aviation in light of the targets of the Paris Agreement, including
all climate effects of aviation. Using climate models and considering an
allocation to aviation of 5% of the temperature targets from the Paris
Agreement, they are able to evaluate the sustainability of scenarios for
aviation. They especially conclude that it is little likely that industrial
objectives reach the Paris Agreement targets. This result is similar to
that from the recent report by Lee [294] which concludes that the
2010 ICAO’s carbon neutral growth target is incompatible with the
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Paris Agreement. Grewe et al. also consider more ambitious objectives
proposed by the ACARE at the European level and show that they can
be compatible with the Paris Agreement targets. Finally, the authors
analyze the technological hypotheses on which the ACARE’s scenarios
are based, and conclude that these objectives will probably not be
reached, thus bringing the feasibility of these scenarios into question.

Planès et al. [63] analyzed the compatibility of a number of scenar-
ios with the Paris Agreement targets using AeroMAPS (formerly CAST),
an open-source numerical tool which simulates prospective scenarios
for aviation and evaluates their climate impact [295]. By allocating a
carbon budget to aviation, it is therefore possible to estimate whether
the scenarios studied exceed the allocated carbon budget or not. A
similar approach including non-CO2 effects is also described in the
paper. The authors show that a trade-off between air traffic evolution
and carbon budget allocation for aviation is required for meeting the
most ambitious climate targets. AeroMAPS is regularly updated with
new models (e.g. fleet renewal [115]), new issues (e.g. availability of
energy resources [296]) or new modules (e.g. economic analysis on
alternative fuel cost [297]).

A recent publication by Klöwer et al. [298] studied the impact of air
traffic on temperature. They start their analysis in 2021, considering
that temperature has already increased by +1.2 °C which leaves 0.3 °C
to 0.8 °C to stay within a 1.5 °C to 2 °C target of the Paris Agreement.
The authors conclude that if air traffic resumes its pre-COVID path,
then aviation will be responsible for between 6 and 17% of these +0.3
to +0.8 °C. They therefore highlight two scenarios for stabilizing the
impact from aviation in terms of temperature: massive introduction
of low-carbon fuels which decreases carbon intensity by 90%, or a
traffic decline of 2.5% per year, both measures which decrease the
radiative forcing of non-CO2 effects. Concerning the decrease in traffic,
it could only be temporary to give the aviation sector time to develop
sustainable technological solutions.

Brazzola et al. [98] proposed different definitions of climate neutral-
ity for aviation and analyzed multiple scenarios from this perspective.
The authors show that only reaching carbon neutrality, using CO2
mitigation and CO2 removal strategies, is not enough to limit the global
warming induced by aviation, and that non-CO2 effects also need to be
mitigated. For instance, they consider the use of zero-carbon fuel and
zero-emission aircraft which facilitates the transition of the aviation
sector for both CO2 and non-CO2 effects. Indeed, in the worst case
scenario, aviation could contribute to a temperature increase of more
than 0.4 °C by 2100, which would jeopardize compliance with the Paris
Agreement. Nevertheless, other scenarios with aviation-demand growth
that are more technologically ambitious, but also more uncertain, could
limit the temperature rise to levels comparable to that induced by
aviation in the IPCC SSP1-1.921 scenario.

Dray et al. [62] analyzed emission pathways that also include
cost consideration. The scenarios studied lead to a reduction in CO2
emissions of around 90%, despite a traffic growth of between 2.4%
and 4.1% per year. For the middle demand scenarios with an annual
traffic growth rate of 3.7%, cumulative CO2 emissions would reach
between 28.0 and 42.3GtCO2 for scenarios based on alternative energy
carriers, corresponding to an embarked energy consumption of between
12.9 and 25.6 EJ. However, the mitigation of non-CO2 effects is more
limited in the different scenarios, leading to CO2-equivalent emissions
decrease between 46% and 69%. From an economic point of view,
the integration of low-carbon fuels would lead to an increase in costs
with necessary investments of between US$0.5 and US$2.1 trillion. This
would generate a limited increase in ticket price, 15% higher than in
the trend scenario.

21 The SSP1-1.9 corresponds to an IPCC scenario used in AR6. In this very
ow GHG emissions scenario, where carbon neutrality is reached around 2050,
he temperature increase peaks at 1.6 °C by 2050 before decreasing thereafter.
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Lastly, Bergero et al. [60] also analyzed aviation net-zero pathways.
These scenarios are a mix of three sub-scenarios on the evolution of
demand and efficiency, and three sub-scenarios on the evolution of the
carbon intensity of fuels used. The authors show that with a moderate
growth of 1% per year in demand, a large amount of SAF would be
required to reach net-zero CO2 emissions without ambitious improve-
ments of aircraft efficiency. They also perform economic analyses on
the cost of alternative fuels and carbon dioxide removal, as well as
specific studies on non-CO2 emissions.

These different results corroborate the fact that the aviation sector
is considered as hard-to-abate, i.e. difficult to decarbonize. This is
the reason why offsetting schemes such as CORSIA or EU-ETS have
been enforced to make up for the difference between the set target
and the reduction in emissions actually reached in 2050 [299]. Spe-
cific research then focused on the evaluation of these schemes [300].
The study by Scheelhaase et al. [301] compared the two mechanisms
and shows that the European system would be more effective than
the ICAO offsetting system until 2035 if it was applied by all the
countries signing CORSIA. Because this scenario is considered to be
little likely, the authors conclude that the best compromise for the
European Union would be to keep the EU-ETS for intra-community
flights and to apply CORSIA for flights outside Europe. A report by
the European Commission comparing the two schemes concluded that
‘‘a certain number of characteristics of CORSIA imply that its level of
ambition for the international aviation sector is not aligned with the
global level of ambition required to meet the temperature targets of
the Paris Agreement, and that it is lower than those targets’’ and that
‘‘participating in CORSIA — and leaving all international aviation (as
defined by the ICAO, including between EEA countries) outside the
scope of application of the EU-ETS — runs the risk of compromising
these targets and weakening the EU’s current climate policies’’ [302].

7.3. Comparison of recent academic studies

As shown previously, the academic literature on air transport
prospective scenarios has flourished in recent years. In order to un-
derstand the interests and weaknesses of these different studies, a com-
parison is achieved by focusing on the most recent articles integrating
the evaluation of non-CO2 effects and/or temperature evaluations.

7.3.1. Aviation climate sustainability assessment
In this first section, the objective is to compare the various method-

ologies used to assess the compatibility of aviation transition scenarios
with the Paris Agreement, which corresponds to one of the main objec-
tives of this paper. These climate analyses can focus on CO2 emissions
r integrate all the climate impacts of aviation.

arbon budget targets and carbon-neutral aviation.
Assessing the climate sustainability of a prospective scenario only

aking into account CO2 effects allows to simplify the approach. Indeed,
he vast majority of the papers dedicated to air transport prospective
rovide data on CO2 emissions, which are relatively simple to calculate.
n this approach focused on CO2 emissions, two types of evaluation are
ossible.

On the one hand, one way to account for emissions from aviation
temming from a particular scenario is to estimate the corresponding
umulative emissions and compare them to a given carbon budget.
any recent works have adopted this approach. For instance, the

022 report of the ICAO committee on aviation environmental pro-
ection computes the cumulative emissions of international aviation
or three transition scenarios and compare them to different carbon
udgets [280]. Concerning recent academic works, Planès et al. [63]
se for instance the same methodology considering the whole aviation
ector, and not only international aviation. However, if cumulative
missions are computed and compared to a carbon budget, we are not

ware of any work that tackles the question of defining a fair share
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of the carbon budget allocated to the (international) aviation sector.
For instance, the cumulative emissions in the ICAO’s LTAG scenarios
represent between 1.4% and 11.3% of the carbon budget, depending
on the assumptions made and the carbon budgets considered. However,
ICAO does not conclude on whether these numbers are compatible
or not with the Paris Agreement, precisely because no fair share is
defined [280]. In [63], the authors see the share of the carbon budget
allocated to the aviation sector as a variable for which they perform
a sensitivity analysis. They use the grandfathering allocation as a
reference, but do not discuss the fairness of this allocation.

On the other hand, besides considering cumulative emissions and
carbon budgets, another approach to assess the compatibility of future
aviation CO2 emissions with the Paris Agreement is to look at net-zero
CO2 emissions or carbon neutrality.22 This second approach is natural
because, as mentioned above, carbon neutrality at the global scale
needs to be reached in order to fulfill the goals of the Paris Agreement.
This is for instance the approach adopted by Bergero et al. [60] who
look for net-zero emission pathways for the aviation sector. Note that,
in order for the aviation sector to reach carbon neutrality or net-zero
CO2 emissions, either the fuel carbon intensity needs to reach zero, or
atmospheric carbon dioxide removal techniques need to be considered.
The main problem with this approach is that it focuses on achieving
net-zero CO2and not on the trajectory of CO2 emissions, whereas it is
the cumulative emissions that count for the climate impact.

Note finally that these two approaches, considering cumulative
emissions and carbon neutrality or net-zero CO2 emissions, are com-
plementary and can be considered together.

Temperature targets and climate-neutral aviation.
Another problem for evaluating the compatibility of aviation tran-

sition scenarios with the Paris Agreement is that CO2 emissions only
account for a minor part of aviation climate impacts. For this reason, as
mentioned previously, many works have estimated the full climate im-
pact of aviation transition scenarios, including non-CO2 effects. In this
case, the impact is typically quantified in terms of effective radiative
forcing or in terms of temperature.

Most works estimate the temperature impact of a given pathway
and compare them to the objectives of the Paris Agreement (usually,
+1.5 and +2 °C). However, they do not conclude on the compatibility of
the trajectory with the Paris Agreement for the same reasons as above,
namely, no fair share has been defined, see for instance [288,290]. Two
noticeable exceptions can be mentioned. On the one hand, in [293],
a share of 5% of the global temperature increase is allocated to the
aviation sector to decide whether the trajectory is compatible or not
with the Paris Agreement. However, this share is taken because it is the
contribution of the aviation sector in the recent temperature increase:
in other words, the authors adopt the grandfathering approach. On
the other hand, in [298], the authors seek to stabilize temperature
at 2019 levels, which corresponds to a share of 0% of the remaining
temperature increase and to a share of 2% of the global temperature
increase for the objective of +2 °C. This assumption corresponds here
o arbitrary choices of objectives.

To go further regarding the climate objectives of aviation, it may
e interesting to translate the concept of carbon neutrality in terms of
limate neutrality.footnoteWe use here the terminology of the papers
hat we review. However, note that the IPCC avoids the term ‘‘climate
eutrality’’ because ‘‘the concept of climate neutrality is diffuse, used
ifferently by different communities, and not readily quantified’’ [303,
ross-Chapter Box3]. For instance, in [98], the authors propose the

ollowing three definitions of climate neutrality for the aviation sector:

22 When they are used at the scale of a region or a business sector, carbon
eutrality and net-zero CO2 emissions are distinguished in IPCC AR6. The
ifference lies in different boundaries in the emissions and removals being
onsidered [303, Cross-Chapter Box 3].
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Gold definition: all aviation climate effects are down to net zero after
2050;

Silver definition: aviation forcing is the same as the aviation forcing
in the SSP1-1.9 scenario;

Bronze definition: aviation forcing remains constant after 2050.

In the Gold and Bronze definitions, 2050 plays a particular role as it is
assumed that this is the date at which climate neutrality is achieved
at the global scale. In the Silver definition, the authors justify the
choice of the SSP1–1.9 scenario as a reference scenario because it limits
global warming to +1.5 °C (in this scenario, the temperature increase in
100 due to aviation is around +0.04 °C [98]). However, as explained
bove, this choice corresponds to a particular allocation which relies
n ethical premises which are not discussed. Moreover, the authors
alculate the levels of CO2 removal required to offset the residual
missions overshooting the different climate neutrality targets. Lastly,
imilar issues on net-zero climate impacts are studied in [60,62] where
on-CO2 effects are converted into equivalent CO2 emissions.

.3.2. Prospective scenario simulation and evaluation
In this second section, the different methodologies used for simu-

ating and evaluating air transport prospective scenarios are described.
able 21 provides a synthesis of the major methods used in the different
apers. The climate sustainability assessment methodologies discussed
n Section 7.3.1 are also given.

First, in terms of modeling of mitigation levers, different levels of
omplexity are considered. For instance, for evaluating the air traffic
volution, most of the papers rely on the use of fixed annual growth
ates. However, Grewe et al. [293] use specific data based on [304]
hereas Dray et al. [62] use a detailed assessment based on AIM2015,
n integrated aviation systems model which simulates the behavior
f the air transport ecosystem in order to assess the evolution of air
raffic according to different scenarios [305,306]. Similarly, concerning
he evolution of the fleet energy efficiency, two main approaches
re adopted. On the one hand, top-down approaches allow to simply
odel the evolution of efficiency by setting annual gains for the entire

leet. On the other hand, a more detailed modeling is obtained by a
ottom-up approach where the fleet energy efficiency evolution is a
esult of assumptions on fleet renewal and efficiency gains by aircraft
rchitecture.

Secondly, the climate models used in these references for taking
nto account non-CO2 effects differ. Indeed, some papers only estimate
quivalent CO2 emissions for non-CO2 effects thanks to simple climate
etrics such as GWP and GTP [307]. Others calculate equivalent CO2

missions with GWP* which is more suitable for Short-Lived Climate
orcers (SLCFs) [308–310]. For estimating the impact of aviation on
emperature, several methods are used. The first one is to simply esti-
ate the temperature from cumulative equivalent emissions using the
CRE coefficient. Then, simple climate models such as OSCAR [311],
AGICC [312,313] and FAIR [314,315] can be used. Finally, two

apers rely on dedicated climate models for aviation: AirClim [316]
nd APMT-IC [317,318]. These different climate models enable to
chieve sustainability analyses, the modalities of which vary according
o the references: net-zero emissions, temperature or carbon budget
llocation, or temperature stabilization.

Lastly, we note that additional analyses are sometimes performed.
or instance, we can see on Table 21 that energy consumption is
stimated in some scenarios and compared to biomass or electricity
vailability, and some references also provide dedicated framework
or assessing economic studies such as fuel cost or airfare estimates.
oreover, scenario modeling as well as climate and specific analyses

re sometimes based on open-access or open-source references. For
nstance, Planès et al. provide a complete framework to perform these
tudies using a dedicated tool (AeroMAPS, formerly CAST). Some cli-
ate codes as well as the integrated aviation systems model AIM2015
re also available.
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Table 21
Comparison of the main references providing modeling and assessment of air transport prospective scenarios.
7.3.3. Scenario assumptions and results
In this last section, the different assumptions for defining the air

transport prospective scenarios as well as the results obtained are
compared. They are gathered in Table 22 for the main references,
except for [288,290] which do not take into account all the non-CO2
effects, and for [98] which does not directly separate efficiency and
fuel decarbonization gains.

On the one hand, the assumptions considered in the different sce-
narios are relatively similar. For the air traffic evolution, most studies
consider an annual growth rate of between 2 and 4%. Only two papers
consider the case of traffic decrease for achieving some analyses [63,
298]. In terms of energy efficiency (including load factor and operation
improvements), annual gains between 1 to 2% are used most of the
time, which is consistent with figures obtained in Section 4.3. The
highest values considered correspond to extreme cases for which the
technical feasibility is not guaranteed [60]. Finally, for comparing the
fuel decarbonization in different scenarios, we introduce the concept
of fleet decarbonization rate. It corresponds to the reduction of carbon
intensity of the entire fleet compared to one of a similar fleet only
using kerosene. All studies use scenarios without alternative fuels for
comparison, i.e. a fleet decarbonization rate of 0%. Except for Grewe
et al. [293] (due to a simplified construction of the model), values
between 75% and 100% are considered by 2050. This last value is a
theoretical value for which zero-emission fuel is assumed, which can
be questioned by considering the whole life cycle of alternative fuels
(see Section 5).

On the other hand, by using the main methodologies detailed in
Section 7.3.1, the results on climate sustainability assessment can be
compared in terms of carbon budget consumption or temperature in-
crease depending on the data available. It is interesting to note that
the different aviation scenarios studied in these papers would consume
between 2.2% and 13.8% of the global carbon budget for +1.5 °C. These
values can be compared to the grandfathering share of around 2% to
3% used depending on references. As a consequence, most scenarios
result in a carbon budget consumption higher than this allocation.
For analyses in terms of temperature, results of the same order of
magnitude are obtained.
33
8. Opening discussions

The present review has mainly focused on technological levers to
mitigate the climate impact of aviation. We now broaden the discussion
to address other important elements of aviation transition scenarios.
In Section 8.1, representative technological scenarios are considered in
order to obtain insight into the influence of traffic evolution and of
global and aviation climate objectives. In Section 8.2, a brief discussion
concerning the availability of energy resources in aviation transition
scenarios is performed. Then, the impacts that climate change can have
on air transport, which are related to adaptation issues, are addressed
in Section 8.3. Finally, possible pitfalls of prospective scenarios are
discussed in Section 8.4.

8.1. Influence of traffic evolution and of global and aviation climate objec-
tives

So far, we mainly focused on the technological levers of action and
their place in the prospective scenarios for air transport. In this section,
we present some insight on the influence of other non-technological
parameters, namely the air traffic evolution and the global and aviation
climate objectives (see below for details). In order to keep the discus-
sion short and focus on this insight, several simplifying assumptions are
made. For instance, the analysis is restricted to CO2 emissions, and only
drop-in AEC are considered.

The calculations are performed with the AeroMAPS tool intro-
duced in Section 7 [295]. For evaluating the climate sustainability,
the methodology based on carbon budget mentioned in Section 7.3.1
is used. As a consequence, the global climate objective can be framed
in terms of global carbon budget, and the aviation climate objective in
terms of carbon budget allocated to aviation.

The methodology proceeds in two steps. More detailed information
can be found in [61,63].

The first step of the methodology is to define three representative
technological scenarios. The synthetic assumptions for their main high-
level variables are given in Table 23. Scenario A is the most pessimistic:
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Table 22
Comparison of prospective scenario assumptions and results for some main references. The asterisk indicates that the estimations have been performed
on the reconstructed cumulative emissions of the references and using the carbon budgets given in Planès et al. [63].
Table 23
Main technological hypotheses for the three representative scenarios.
Scenario A B C

Annual improvement in aircraft energy efficiency between 2020 and 2050 1% 1% 1.5%
Average load factor in 2050 89% 89% 92%
Reduction in consumption via operations in 2050 compared to 2020 0% 8% 12%
Fleet decarbonization rate in 2050 0% 37.5% 75%
Result: emission factor in 2050 (gCO2-eq∕RPK) 89 52 17
it relies on trend improvements in aircraft efficiency and only considers
the use of fossil kerosene. At the other extreme, scenario C is the most
ambitious: it relies on advanced improvements on fleet efficiency and
on the massive use of low-carbon drop-in AEC. For capturing the impact
of this last lever of action, we use the concept of fleet decarbonization
rate defined in Section 7.3.3. The fleet decarbonization rate of 75% in
2050 in scenario C could, for example, correspond to an entire fleet of
aircraft using fuels that reduce life-cycle CO2 emissions by 75%, or to
75% of the fleet using carbon-neutral fuels, and the rest of the fleet
using fossil kerosene. In particular, it is important to keep in mind
that the fleet decarbonization rate indirectly depends on the energy
demand, as for instance a fleet decarbonization rate of 75% is more
ambitious for a high energy demand. Ultimately, performance of these
scenarios can be compared with the corresponding emission factor,
expressed in gCO2-eq∕RPK, in 2050, with the most ambitious scenarios
inducing lower emission factors.

These different technological scenarios can be justified by the val-
ues that have been discussed in the literature review performed in
Sections 4 and 5. First, the annual improvements in aircraft energy
efficiency lead to global fleet gains between 26% (scenarios A and
B) and 36% (scenario C) by 2050 in comparison to current aircraft
fleet, which is consistent with results provided in Section 4.3. Then,
the fleet decarbonization rate can be compared with the values for
the different AEC described in Section 5. We have seen that different
drop-in AEC can lead to a significant decrease in the fuel carbon
intensity: improved electrofuels from low-carbon electricity can lead
to reduction above 90%, and some biofuels even lead to negative
carbon intensity. Of course, it is not clear that these beneficial AEC
will be available at the required scale, and so that fleet decarbonization
rate up to 75% can be achieved: this is especially true if the energy
demand grows significantly. Such issues will be briefly discussed in
Section 8.2. Finally, concerning the improvements of the load factor
and operations, which have only been briefly mentioned here, the
assumptions are compared with industrial and institutional data. The
values for operations are consistent with the data ranges of 0 to 15%
for instance found in [264,280,319]. Similarly, the average load factor
assumed in 2050 is of the same order of magnitude as that found in
the ICCT Vision 2050 report [281] and current data of some low-cost
airlines.
34
Once the technological scenarios are defined, the second step of the
methodology is to determine the last three variables, namely the air
traffic evolution, the global carbon budget and the aviation carbon bud-
get. In the following, two global carbon budgets are considered, namely
the median carbon budgets for +1.5 °C and +2 °C. For the two remaining
variables, they are accounted for via the air traffic annual growth rate
and the share of the global carbon budget allocated to aviation. In order
to study the influence of these two parameters, they are varied in pre-
defined ranges: thus, a sensitivity analysis is conducted. Nevertheless,
two reference values are assumed for facilitating the understanding
of the analyses. For air traffic growth, a reference value of 3% per
year is considered, corresponding to the order of magnitude of the
forecasts provided by ATAG [264]. In terms of reference allocation
for aviation carbon budget, the grandfathering approach is used for
simplicity, leading to a reference allocated share of 2.6% as mentioned
in Section 2.

Several analyses are thus performed. For these three representative
technological scenarios, the maximum sustainable air traffic annual
growth rate is calculated: this is the annual growth rate for which the
cumulative emissions from aviation balance with its carbon budget by
2050. Fig. 32 summarizes the results. Quite expectedly, it can be seen
that a more ambitious technological scenario (C compared to A for
example) or a less restrictive climate target (+2 °C instead of +1.5 °C)
leads to higher maximum sustainable growth rates.

For a climate target of +1.5 °C, allocating to aviation a larger share
than the grandfathering share of 2.6% is necessary for maintaining
or increasing air traffic, regardless of the representative technological
scenarios considered. In the case of scenario C for instance, it would be
necessary to allocate to aviation a share of roughly 6% to allow for an
annual traffic growth of around 3%. The grandfathering share would
lead to a strong decrease in air traffic in order to respect the allocated
carbon budget for +1.5 °C.

For a +2 °C target, the results are slightly different. A decrease in
air traffic is required for the least ambitious technological scenario A.
However, for the most ambitious technological scenario C, growth in air
traffic similar to the trend growth is conceivable by allocating the 2.6%
grandfathering share to aviation. This corresponds to a traffic doubling
between 2018 and 2050. Within scenario C, a stagnation or a slight
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Fig. 32. Maximum sustainable annual air traffic growth rate as a function of the share of carbon budget allocated to aviation for the scenarios A, B and C and two different
median carbon budgets at +1.5 °C (solid lines) and +2 °C (dashed lines). The vertical dotted line shows the grandfathering share of 2.6%, and the horizontal dotted line shows the
3% growth rate corresponding to industrial forecasts.
increase in traffic would even be possible by allocating a smaller share
than the grandfathering share to aviation, thus leaving some room for
maneuver to other sectors.

In a nutshell, for the more ambitious climate objectives, a trade-off
between the level of air traffic and the carbon budget allocated to avia-
tion is necessary. The previous analyses can be performed for different
carbon budgets for considering other temperature targets. Moreover,
the use of Carbon Dioxide Removal (CDR) technologies can also be
included in the analysis, which would have the effect of increasing the
net carbon budgets. Dedicated studies taking into account these aspects
are provided in [61].

Nevertheless, some limits of these analyses have to be noted. First,
only representative technological scenarios have been considered for
achieving these studies. Even if the scenario assumptions are relevant
and consistent with the literature review, multiple variants could be
studied, notably concerning the deployment rates of aircraft and AEC.
Then, these scenarios only consider CO2 emissions for simplicity. In-
deed, the integration of non-CO2 effects requires the consideration of
specific mitigation levers, the quantification of which remains complex,
and it also requires the use of more complex adapted assessment
methodologies. Finally, scenarios B and C require the use of low-carbon
alternative drop-in fuels to supply the aircraft fleet. For each scenario,
it is therefore necessary to evaluate the quantity of energy resources
required for aviation and to compare this value with the expected
global availability in 2050. A qualitative discussion of these energy
issues is performed in the following section.

8.2. Energy consideration

Low-carbon AEC are key components of sustainable aviation sce-
narios. These AEC shift the energy demand from fossil kerosene to
other sources of energy, namely electricity or biomass (see Table 6). For
reference, before the COVID-19 crisis, aviation used 14.5 EJ of kerosene
in 2019, which represented 2.4% of world total energy supply and 7.7%
of oil supply [123]. As discussed in Section 5, the production pathways
of these new AEC entail significant energy losses when converting the
electricity or biomass into relevant energy carriers for aviation. The
biomass and electricity intensity values reported in Table 24 allow to
compute how much energy is needed to produce each AEC for a given
scenario. Here, intensity is defined as the amount of input energy (in
the form of biomass, oil or electricity) needed to produce 1MJ of AEC.
Note that for drop-in AEC, there may be co-products obtained together
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Table 24
Biomass (respectively electricity) intensity refers to the amount of biomass (respectively
electricity) needed to produce 1 MJ of AEC. For HEFA from oil, biomass is to be un-
derstood as oil. Note that for drop-in AEC, there may be co-products obtained together
with this 1 MJ of alternative jet fuel. For drop-in AEC, we selected configurations with
the highest yield of jet fuel (max selectivity, see Table 10), so these values can be
seen as lower bounds. The high values for PBtL can be explained by the fact that the
only reference available considers a plant with a low selectivity of 14%. Although this
is not reported, FT and ATJ biofuels are net producers of electricity: see for instance
[152,154] for FT and [158] for ATJ. This could be taken into account by considering
negative intensity.

AEC Biomass
intensity

Electricity
intensity

Ref

FT biofuel 3.1–5.6 – [152,154,
156,173,
320]

HEFA biofuel from
oil

1.1–1.7 – [77,157,
173]

HEFA biofuel from
biomass

1.3–2.7 – [77]

ATJ biofuel 1.2–4.3 – [158,173]

Electrofuel – 3.3–5 [182,201]

PBtL 5.5 5.2 [200]

Liquid hydrogen – 1.7–2.1 Table 16

Electric batteries – 1.3 [225] (see
Table 19)

with this 1MJ of alternative jet fuel. As a consequence, selectivity has
a strong influence on the value obtained for drop-in AEC. Except for
PBtL where this was not possible due to lack of data, in Table 24,
the values of intensity are computed for the maximum selectivity (see
Table 10), and so these values should be considered as lower bounds
corresponding to plants aiming at maximizing jet fuel output. Concern-
ing biofuels, Table 24 shows that FT biofuels, which have been seen to
be among the most promising in terms of CO2 emissions reduction, are
also the most energy intensive, which coincides with conclusions from
the literature [321].

The computed energy demand can then be compared to forecasts
of global energy availability, such as those presented in Fig. 33. It
is interesting to see in this figure that in all scenarios, electricity
production increases compared to current production, up to a factor

close to three for the most ambitious scenarios. Concerning bioenergy,
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Fig. 33. The values correspond to the amount of electricity (dashed area), bioenergy
(dotted area) and total primary energy (length of the entire bar, comprising all three
colored areas) in 2050 for each scenario; values are expressed in exajoule. Bioenergy
data for the IRENA scenarios was not found in [322], and thus not reported.
Source: Data compiled from [1,322,323] and for [324] for the year 2019.

except for the IPCC P4 scenario, values lie in-between current values
(57 EJ) and a twofold increase; and in most scenarios, global primary
energy is lower than that of today, with only five scenarios (among
those reported) leading to an increase in global primary energy.

These biomass and electricity intensities translate into an increased
energy demand. Gains in energy efficiency (aircraft efficiency, oper-
ations, load factor) can alleviate this increase, but these gains may in
turn be tempered in case of strong traffic growth, as it has been the case
historically (see Fig. 8). Therefore, the question of energy availability
needs to be considered. In that respect, the discussion concerning
biomass and electricity is very different. Whereas a consensus exists
on the limited physical availability of bioenergy because of its strong
impact on land use, electricity production is more often considered
to be limited by investment costs and deployment rates, rather than
physical constraints. However, deployment rate for aviation biofuel
may also restrict its availability [173]. In the following, biofuel and
electricity availability are discussed.

8.2.1. Biofuel availability
In 2018, 154 billion liters of biofuel were produced, of which

15 million liters for aviation23 [326]. These 15 million liters repre-
sented 0.004% of the aviation energy consumption in 2018, which
highlights the industrial challenge to develop aviation biofuel at a
significant level. Projections of future aviation biofuel production can
either rely on a backcasting approach where scenarios are designed in
order to reach a pre-defined level (this is for instance the case in [264]),
or on a forecasting approach. Some estimates of biofuel availability at
the world level in 2050 are provided in Table 25. However, given the
current level of production which is extremely low, such projections
should be taken with care.

For instance, Staples et al. [173] try to estimate the amount of avia-
tion biofuel available in 2050 by applying three successive assumptions
on: 1/ the total available bioenergy, 2/ the price of bioenergy (which
governs the proportion of primary bioenergy and waste resources that
become effectively available for biofuel production) and 3/ the share
of available feedstock that is converted to aviation biofuel, as opposed
to other potential end uses such as electricity or heat generation, road
and marine transportation fuels, or bio-chemicals. One of their results
is that under the most optimistic assumptions (in particular, aviation

23 This is the IEA estimate, whereas ICAO reports a smaller value of 7 million
liters [325].
36
Table 25
Some values of biofuel availability at the world level in 2050. The
percentage of aviation energy demand is computed by considering the
biofuel availability to the energy demand in the scenarios A and C of
Table 23 under an assumption of traffic growth at 3% per year. Scenario
F1 of [173] corresponds to an optimistic case where biomass is given in
priority for aviation, it may therefore be considered as an upper bound;
scenario F2 assumes that biomass is allocated between different sectors
in proportion to their demand.
Biofuel
availability
(EJ/year)

Ref % aviation
energy demand
(scenarios A–C)

6 IEA net zero, cited in
[327]

32%–43%

7.8 [264] 41%–57%
7–80.4 [173, scenario F1] 37%–100%
0.6–15.4 [173, scenario F2] 3%–100%
5.9 [173, median scenario] 31%–43%

has strict priority over all other sectors for the use of bioenergy),
the fleet decarbonation rate in 2050 would reach at most 68%. To
put in perspective the value of 75% of Scenario C from the previous
section, note that Staples et al. [173] do not consider the use of
other drop-in AEC such as electrofuels, and that their study [173] was
performed before the COVID-19 crisis. After this crisis, traffic forecast
were revised downward, which would have the effect of increasing the
fleet decarbonation rate.

Taking a cross-sectorial approach starting from estimates of global
bioenergy availability, Searle and Malins [328] performed a meta-study
and estimated maximum potentials of 10–20 EJ of biofuel in 2050.
This quantity would be available for the whole transport sector, and
so aviation would have to compete with the terrestrial and maritime
sectors for this source, but even with optimistic share for aviation, this
estimate leads towards the lower values reported in Table 25.

At the European level, biofuel production has recently attracted
interest following the ReFuelEU Aviation initiative, as mentioned in
Section 7.1, which proposes SAF mandate, including biofuels and elec-
trofuels. Modeling of the AESA estimated that the ReFuelEU targets
could be achieved by the production in the EU of 70 PJ of biofuel
in 2030 and 600 PJ in 2050 (this production is completed by imports
and electrofuels) [126]. These numbers correspond closely to those
that emerged from a meta-analysis of 56 scenarios for the European
transport sector [329]. However, Chiaramonti et al. [329] points to
the very large uncertainties that weigh on these forecasts, which range
from almost negligible biofuels contribution to a twofold increment
compared to the mean values. At another regional level, a study in the
US with a detailed analysis of land use concluded that ‘‘domestically
produced, sustainable biojet fuels can meet the liquid fuel demands of
the US aviation sector fully’’ [138].

Finally, Lim et al. [330] have performed a literature review on
opportunities and challenges concerning the production of aviation
biofuel, and conclude that ‘‘the literature is optimistic towards future
demand, but pessimistic towards future supply, with the bottom line
indicating few prospects for current investments in biojet’’. One of the
strongest limitation is the high production cost, which suggests that
the aviation biofuel ‘‘industry is not financially feasible without strong
government intervention’’ [330].

8.2.2. Electricity availability
In 2021 the electricity world carbon intensity was around

441 gCO2-eq∕kWh (122 gCO2-eq∕MJ), see Table 12. As it has been seen
in Section 5 when discussing electricity-based AEC, the electricity
carbon intensity has a strong impact on the final AEC carbon intensity,
and, at the world level, much lower electricity carbon intensity than the
current one needs to be reached before these AEC become climatically
beneficial. Thus, electricity production needs to rely less on fossil
energy, which restricts the amount of electricity that can be produced.
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Fig. 34. Overview of climate change impacts for aviation: influence on the energy
ntensity.

In 2019, 97 EJ of electricity was produced, of which 36 EJ from
ow-carbon sources (renewable and nuclear) [123]. In the scenarios
eported in Fig. 33 and that limit global warming to between +1.5 °C
nd +2 °C, the median value of electricity production is at 199 EJ,
round twice the current value. However, electricity is the corner-
tone of low-carbon transition scenarios for many business sectors
nd so electricity demand will also increase significantly. This also
pplies to aviation, since Table 24 shows that electricity-based AEC
especially electrofuels) have a high electricity intensity. For instance,
n electricity need between 75 and 115 EJ is estimated to power a
leet entirely with electrofuel and liquid hydrogen in 2050 in [198].
his demand represents between 27% and 119% of total electricity
roduction in 2050 among the scenarios of Fig. 33: this potentially high
hare questions the availability of electricity-based AEC at a large scale.

.3. Impact of climate change on aviation

This review paper focuses on climate change mitigation issues, for
hich the technological levers to increase both the energy and carbon
fficiency of aviation are a key parameter. However, the aviation
fficiency could be negatively affected in the near future by the effects
f climate change, as highlighted in Fig. 34. While an adequate global
itigation policy will limit such negative impacts, it is also necessary to

onsider the possible adaptation of air transport facilities and aircraft to
his evolving environment. As a consequence, it could potentially affect
he efficiency of the aviation sector in the next decades. The objective of
his section is thus to provide some order of magnitude of these impacts
or the ground facilities and aircraft operations.

Among the consequences of climate change, the poleward extension
f the Hadley cells and the global mean sea level rise will be responsible
or a growing exposition of ground infrastructures to negative impacts
uch as flooding, heat waves, severe turbulence, extreme winds and
ildfires [331]. At the same time, the temperature of the different
tmosphere layers is evolving in a non-uniform manner, depending
oth on their latitude and altitude, modifying the atmospheric circula-
ion [1]. For example, the troposphere is globally warming, while the
tratosphere is globally cooling, so the climate and weather conditions
ill be modified, especially at mid-latitude, due to the modification of

he large-scale atmospheric circulations [332]. Such modifications of
he atmosphere could have specific consequences for aircraft, in terms
f efficiency, safety and cost.
37
The accurate quantification of all these impacts is not straightfor-
ard, and their intensity in the future will depend on the evolution
f GHG emissions. However, some of these physical mechanisms are
lready irreversible. The mean sea level will continue to increase during
he 21st century, compared to the 1995–2014 average level, by about
0.20m in 2050 and +0.80m in 2100 for a RCP8.5 scenario. Even
eyond 2100, global mean seal level will still rise for centuries to
illennia due to continuing deep ocean heat uptake and mass loss from

ce sheets [333]. Combined with the increased intensity and occurrence
robability of extreme weather events, this will negatively impact the
vailability of ground facilities, especially for airports located in the
ow elevation coastal zone [334]. The consequences of such airport
looding can be transient (a few runways temporary unavailable) or
ermanent (airport definitively inaccessible due to high sea level). A
undred of small to large airports are very likely to be located beneath
he expected sea level in 2100 or affected by coastal flooding due to
xtreme weather events. In particular in the case of a RCP8.5 scenario,
ost at risk large airports are located in Asia (e.g. Shanghai airport,
hina, and Gimhae airport, South Korea) but some are also located

n Europe (e.g. Amsterdam airport, Netherlands) and North America
e.g. Oakland and La Guardia airports, USA). All these coastal airports
re disproportionately important to the global airline network, and by
100 from 10% to 20% of all routes will be at risk of disruption [334].
dditionally, the increasing probability of storms could also result in
dditional delays and flight cancellations due to high-speed sustained
inds and gusts [335].

Global warming will also be responsible for an increase of the
verage near surface air temperature, especially during the summer
onths, which in turn will reduce the air density by a few percent

y the end of the 21st century for a RCP8.5 scenario compared to
urrent conditions. Combined with more frequent heat waves and
ncreased humidity, this could reduce the maximum take-off weight of
urrent aircraft [336,337], up to 5% for some high-latitude and high-
levation airports during the summer months [338]. Such a reduction
f the maximum take-off weight corresponds to a decrease of the
ffective payload up to 10% for long haul aircraft and 20% for regional
ircraft. This reduction in the maximum take-off weight due to high
urface air temperature is already observed in some regions impacted
y global warming, such as Greece [339]. Whatever the GHG emissions
cenario, there is a high probability that these impacts will strengthen
t least until 2050, especially for airports located far from the coastal
one [340].

Global warming will also modify the atmosphere properties at
he aircraft cruising altitudes. For example, in the upper part of the
roposphere, the temperature increase is responsible for an increase
f the air viscosity at cruising altitudes since the 1950’s. This phe-
omenon increases the global drag of commercial aircraft by +0.22%

per century, corresponding to a potential extra-consumption in 2100
of about 4 × 106 oil barrels per year [341]. Due to the modification of
local temperature gradients (especially meridional gradient), vertical
wind shears will also strengthen at mid-latitude at the tropopause
altitude [342]. Combined with the poleward shift of the mid latitude
jet stream, this will affect the occurrence probability of turbulence,
which is responsible for more than 70% of weather-related accidents
for commercial aircraft [343]. These turbulences also negatively impact
the efficiency and cost of air transportation, since 5% of flights are
estimated to be diverted from their optimal routes to avoid turbulent
areas [344]. The modifications of the atmospheric jet streams could
increase significantly shear flow instabilities, increasing the occurrence
probability of moderate to severe clear-air turbulence. Such increase in
turbulence occurrence will be observed globally for all latitudes and
seasons, but this effect could be particularly intense for north Atlantic
flights during the winter where this probability can increase by +150%
for a RCP8.5 scenario [345,346].

The impacts of climate change are thus currently low for air trans-

port, but some physical mechanisms such as the sea level rise and the
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evolution of the atmospheric circulation are already on-going and their
effects will progressively strengthen in the next decades, especially in
the vicinity and beyond 2050 [340,341,345]. While the exact impact
in terms of energy intensity and cost is difficult to evaluate for air
transport, it could represent an increase of the energy consumption per
RPK up to a few percent in 2050. Most of these impacts for ground
operations and cruising flights can be at least partially overcome with
adequate mitigation and adaptation policies [331]. For example, the
adaptation of airports includes the relocation of some coastal airports
and the modifications of airport runways to adapt to more intense
rainfalls, dominant wind evolutions and longer take-off distances. The
adaptation of current and future aircraft to their changing environment
could also help to balance negative impacts of climate change, e.g. by
increasing the turbine inlet temperature margin or by adapting some of
the certification constraints to adapt to more frequent and more intense
ground temperatures and turbulence during cruising flights.

8.4. Prospective scenarios, discourses of climate delay and usage issues

As discussed in Section 7.2, prospective scenarios can be useful
tools to explore different possible futures, respond to what-if questions,
and provide insight into relevant orders of magnitude. They contribute
to the public debate by raising awareness and providing knowledge
to decision makers. However, it is also important to reflect on this
practice to identify potential limits and shortcomings. We discuss here
an important criticism that has been addressed to prospective scenarios,
including aviation scenarios: namely, it has been argued that they can
have a counterproductive effect of delaying climate action, ultimately
leading to a worsening of global warming.

This criticism has been made for IPCC scenarios [347] which, as
they evolved over time from simple models to involved Integrated
Assessment Models (IAM) [348], incorporated new technologies which
were not mature, but that bore the potential to cope in the future
with the worsening situation. In the meantime, emissions continued
to rise, and the authors of [347] (which, quite significantly, include
a former IPCC chair) reach the strong conclusion that these scenarios
were not intended to limit global warming to +1.5 °C, but rather to
‘protect business as usual’’. Similar criticisms have been made for
viation scenarios. A historical perspective reveals that the aviation
ector has set many climate targets in recent years, but that most
f them were either not checked or simply abandoned. This poses
clear governance issue and suggests that target setting may be a

trategy to preserve the sector growth [267]. A parallel conclusion is
eached through a media analysis tracing technology-focused aviation
iscourses, where it is observed that new technology discourses follow
ne another over time in order to cope with the growing awareness
f aviation’s climate impact [349]. The authors of [349] conclude that
ost of these solutions constitute ‘‘technology myths’’.

There is therefore a risk that prospective scenarios can lead to a
elay in action, and thus fail to address the urgent need for emission
eduction. The reason is that such scenarios, especially those that rely
n not mature or not scaling up technologies, can carry a sense of

‘technological optimism’’ whereby all problems would be solved later
hanks to future technological developments. Such discourses have
een identified in the scientific literature as discourses of climate
elay [350]. This criticism is particularly relevant to the aviation
ector because it is a hard-to-abate sector with only limited short-term
echnological solutions to decrease its CO2 emissions rapidly. In the IEA

Sustainable Development Scenario for instance, more than 83% of the
aviation future CO2 emissions reduction by 2070 are due to prototype
technology. By comparison, for shipping and trucks, the two other long-
distance transport sectors, the same figure only amounts to 51% and
43%, respectively [351].

Technology has an important role to play in sustainable pathways,
but it cannot be taken for granted that technology alone will be suffi-
38

cient [352]. One of the key issues is the scale at which technological
solutions can be deployed, which is actually the core issue raised
in [347]. If technological solutions alone cannot scale up sufficiently
in order to yield the required emission decrease, then demand-side
mitigation measures need to be considered. In that vein, it is significant
to note that IPCC AR6 includes for the first time a chapter dedicated to
such measures. It is estimated that demand-side mitigation measures
can lead to emission reductions between 40 and 70%; concerning
aviation, reducing long-haul flights is identified as one of the levers
with the main ‘‘Avoid’’ potential [353].

Demand-side mitigation measures question the usage of technology.
This raises two questions of paramount importance [354]: what is the
purpose of the technology, and to whom does it benefit? To conclude
this section, we provide some elements of reflection concerning these
questions for aviation.

Concerning the purpose of aviation, an important distinction has
to be drawn between needs and need satisfiers. The theory of human
needs distinguishes two basic needs (health and autonomy) and seven
intermediate needs such as significant primary relationships or physical
security. These needs can be satisfied by different means, or satisfiers.
In contrast to needs which are universal, these satisfiers are largely
determined by one’s culture [355,356]. From that perspective, even if
flying can be perceived as a ‘‘necessity’’ [357], it should be considered
as a satisfier and not a need in itself. Aviation can play a role in
need-satisfaction [356], but not all flights do. For instance, flights
are not always considered as important by those who fly [357], and
maintaining or enhancing social capital can be an important motivation
for flying [358]. In order to take needs into account, a bottom-up
approach starting from human needs is adopted in [359] where the
minimal energy consumption required to provide decent material liv-
ings to the entire global population is considered. They propose a
scenario in which transport needs are evaluated at between 5000 and
15000 kilometers per person and per year, of which around 1000 km
is satisfied by aviation. Interestingly, this number is close to the total
distance traveled in 2019 if it were divided equally among all human
beings. Indeed, in 2019, the traffic amounted to 8644RPK24 and the
world population to 7.76 billion human beings,25 corresponding to an
equal share of 1114 km per person. Since ‘‘there is no ethically neutral
position in the climate context’’ [12], such bottom-up approaches for
designing transition scenarios have the advantage of clearly indicating
their underlying ethical choices.

Concerning the people who benefit from aviation, the answer
largely depends on the scope considered. If one considers all the
economic activity induced by aviation, then before the COVID-19
crisis, the aviation industry supported a third of global trade by value,
generated 65 million jobs and underpinned $2.7 trillion of GDP [360].
But narrowing the scope to the people who actually fly reveals a
highly unequal picture, both in terms of energy use [361,362] and
income [363,364]. For instance, at the global scale, it is estimated
that at most 11% of the population flew in 2018, and only 2% to 4%
traveled between countries [39]. In order to take into account the bene-
ficiaries of aviation, the estimation of economic impacts is increasingly
common, such as in the IAM dedicated to aviation AIM2015 mentioned
in Section 7 [365]. However, similar initiatives to assess social impacts
are less numerous, although some work has been emerging in recent
years [366].

Designing improved aviation transition scenarios taking into ac-
count the different limits highlighted previously offers promising re-
search directions. The inclusion of ethical considerations, related to
purpose and equality, would in particular offer more chances of en-
abling instead of delaying climate action.

24 See the webpage World Airlines Traffic and Capacity hosted by Airlines
for America, and recording ICAO data. Accessed on April 18, 2023.

25 See the population webpage of Our World In Data. Accessed on April 18,
2023.
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9. Conclusion and perspectives

The question that motivated the present review paper was to as-
sess whether a given transition scenario for the aviation sector could
be considered as sustainable in the context of the Paris Agreement.
Addressing this question relies on a broad range of concepts: ethical
considerations related to effort-sharing mitigation principles, physical
considerations on how aviation impacts the climate, technological con-
siderations related to CO2 and non-CO2 mitigation, and methodological
onsiderations on how to design transition scenarios and assess their cli-
ate sustainability. In order to give a synthetic but thorough overview

f these key concepts, this paper has therefore drawn upon a vast
cientific literature, from which two key messages can be formulated.

First, technological levers have an important role to play in mak-
ng aviation sustainable. Regarding non-CO2 effects, which currently
epresent the main climate forcer of aviation, contrail effect mitigation
hrough operational strategies is very likely the most promising lever to
ignificantly mitigate aviation climate impact. Concerning CO2 effects,
hifting from fossil kerosene to low-carbon alternative energy carriers
epresents the major lever for reducing significantly CO2 emissions;
his lever could also have beneficial impacts on non-CO2 effects. Other
ignificant CO2 levers include improving aircraft architecture efficiency
nd accelerating fleet renewal. Overall, the use of prospective scenario
s a useful framework for assessing the impacts of these levers on
limate sustainability.

Second, assessing the compatibility of a scenario with the objectives
f the Paris Agreement is subject to many uncertainties. Some are of
scientific nature and could be improved with time and dedicated

esearch effort like the uncertainties resting upon the evaluations of
arbon budgets, aviation non-CO2 effects, mitigation impacts of techno-
ogical levers and impacts of climate change on aviation. Other uncer-
ainties arise from political trade-offs between social, economic, ethical
nd other considerations. For instance, they will influence the global
limate objectives, the allowed climate impact of aviation (e.g., through
ts share of carbon budget or temperature increase), and quite signif-
cantly the speed at which technologies will develop and scale up. In
articular, the most promising technologies to reduce aviation climate
mpact are not yet mature or their deployment at the required scale is
ncertain, especially in a context of strong traffic growth. For instance,
ome biofuel pathways are already mature, but they are subject to
trong limitations on biomass availability, industrial production scale
p and competition between business sectors. Regarding electricity-
ased alternative energy carriers, these solutions are not mature yet
nd their significant decarbonization potential is highly dependent on
he evolution of the electricity mix. Therefore, the most ambitious
cenarios for air transport rest upon uncertain technological and socio-
conomic assumptions: they constitute technological bets bearing the
isk of delaying climate action. In the current literature, the evolution
f air traffic and the priority granted to this hard-to-abate sector have
een largely unquestioned. Indeed, most studies take the industrial
raffic forecast as an input, and studies discussing the allowed climate
mpact of aviation only consider the grandfathering allocation scheme.
owever, since technological mitigation levers alone are not sufficient

or reaching the most ambitious climate targets, the trade-off between
he evolution of air traffic and the allowed climate impact of aviation
eeds to be considered.

By raising these issues, this paper opens perspectives to deal with
broader question: what does sustainability mean for aviation? This

eview has shown that the sustainability of aviation has so far mostly
een considered from a technological perspective. However, sustain-
bility assessment should adopt a larger scope, incorporating broader
nvironmental considerations (resources, water, biodiversity, etc.), but
lso, ethical, economic, social and other considerations. Socio-economic
nd ethical considerations have for instance been discussed about the
urpose of aviation and the evaluation of its benefits, whereas the avail-
39

bility of energy resources has been briefly mentioned. In particular,
environmental sustainability assessments for the aviation sector could
rely on methodologies drawing from the planetary boundaries frame-
work for instance. In a nutshell, defining sustainable aviation requires
adopting multidisciplinary approaches. Although current prospective
scenarios make it possible to obtain relevant results for aviation tran-
sition, one could aim for integrated assessment models enriched with
various considerations that would make explicit the underlying ethical
choices and the consequences on society.
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