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International climate goals imply reaching net-zero global carbon dioxide
(CO,) emissions by roughly mid-century (and net-zero greenhouse gas

emissions by the end of the century). Among the most difficult emissions to
avoid will be those from aviation given the industry’s need for energy-dense
liquid fuels that lack commercially competitive substitutes and the
difficult-to-abate non-CO, radiative forcing. Here we systematically assess
pathways to net-zero emissions aviation. We find that ambitious reductions
indemand for air transport and improvements in the energy efficiency

of aircraft might avoid up to 61% (2.8 GtCO, equivalent (GtCO,eq)) and

27% (1.2 GtCO,eq), respectively, of projected business-as-usual aviation
emissionsin2050. However, further reductions will depend on replacing
fossil jet fuel with large quantities of net-zero emissions biofuels or
synthetic fuels (that is, 2.5-19.8 EJ of sustainable aviation fuels)—which

may be substantially more expensive. Moreover, up to 3.4 GtCO,eq may
need to be removed from the atmosphere to compensate for non-CO,
forcing for the sector to achieve net-zero radiative forcing. Our results may
inform investments and priorities for innovation by highlighting plausible
pathways to net-zero emissions aviation, including the relative potential and
trade-offs of changes in behaviour, technology, energy sources and carbon
equivalentremovals.

Stabilizing global mean temperature at 1.5 °C above pre-industrial times
meansreaching net-zero CO, emissions (thatis, balancing any ongoing
emissions with removals) by 2050-2060, and net-zero greenhouse
gas emissions by 2070-2100". Large—and increasingly affordable—
emissions reductions are available by improving energy efficiency,
electrifying energy end uses and switching to non-emitting sources
of electricity', and many countries, subnational jurisdictions and com-
panies have announced net-zero emissions targets’. However, flying
will be particularly challenging to decarbonize because aircraft rely
on energy-dense liquid hydrocarbons and flights also entail non-CO,
radiative forcing®*.

The climate impacts of global aviation are substantial, with
one-third of radiative forcing related to CO, and two-thirds related
mainly to nitrous oxides (NO,) and water vapour in the form of con-
trail cirrus clouds®®. According to the IEA, in 2019, aviation accounted

for 1.03 GtCO,, or 3.1% of total global CO, emissions from fossil fuel
combustion’, and 1.7 GtCO, equivalent (eq) when non-CO, forcing is
included (based onaglobal warming potential of 100 years, or GWP100).
Although emissions from air travel dropped 40% in 2020 due to the
COVID-19 pandemic, aviation demand is expected torecover and grow
in the future®, with emissions projected to reach ashigh as 1.9 GtCO, in
20507 (~2.6 times 2021 values) or 3.4 GtCO,eq (GWP100). Demand for air
travel across countries and populationgroups s closely associated with
affluence andlifestyle'® (Supplementary Fig.1), and flying hasbecomea
lightning rod for climate activists who criticize the hypocrisy of climate
scientists and climate-concerned policymakers who fly".

Many aircraft manufacturers and industry groups aim to meet ris-
ing demand while also reducing emissions by improving operational
efficiencies, offsetting carbon emissions and switching to net-zero
emissions fuels'>'*. Domestic aviation emissions are included in
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countries’ nationally determined contributions under the Paris cli-
mate agreement, but international aviation emissions are not. Recently,
governments such as the United States (2021 Aviation Climate Action
Plan)” and the European Union (Aviation Safety Agency report)™ have
addressed the sector’s emissions. Though most aviation-related cli-
mate targets have not been met", in 2016, under the International
Civil Aviation Organization (ICAO), 192 countries signed the Carbon
Offsetting and Reduction Scheme for International Aviation (CORSIA)
to make post-2020 growth of international aviation carbon neutral,
either by fuel switching or by offsetting emissions'. Most prominently,
the International Air Transport Association (IATA) committed in 2021
that emissions from global aviation would be net-zero by 2050,

Recent analyses have evaluated the technological potential of pow-
ering aircraft with sustainable aviation fuels (SAFs)*'**, hydrogen or
electricity’ and offsetting aviation emissions by removing equivalent
quantities of CO, from the atmosphere” (Supplementary Fig. 2). SAFs
include biofuels and synthetic fuels that are ‘drop-in’ replacements
for jet fuel (that is, they would require little or no changes to existing
aircraft and fueling infrastructure) that meet ICAO’s sustainability
criteria' of a net greenhouse gas emissions reduction on a life-cycle
basis of at least 10% compared to fossil jet fuel, respecting biodiversity
and contributingto local social and economic development.

Here we assess nine possible pathways to achieve net-zero direct
emissions from aviation, including changes and trade-offsin demand,
energy efficiency, propulsion systems, alternative fuels for both pas-
senger and freight transport and compensatory carbon removals.
Details of our analytic approach are in Methods (Supplementary
Figs. 3 and 4 and Supplementary Table 1). We develop and analyse
arange of mid-century decarbonization scenarios for the aviation
industry decomposing historical and future aviation emissions using
asector-specific variant of the Kaya identity:

F=D(§>(§)=Def M

where F represents fossil fuel CO, emissions from global aviation
(neglecting life-cycle emissions of the aircraft and the supply chain
of fuel), Dis demand or distance flown and £ is the energy consumed
by flying aircraft, such that eis energy intensity of air transport and
fisthe carbon intensity of energy used for air transport. We analyse
three pathways of demand (D) and energy intensity (e) based on
‘Business-as-usual’ (BAU), ‘Industry’ and ‘Ambitious’ projections and
combine them with three pathways for carbon intensity (f), namely
‘Carbonintensive’, ‘Reduced fossil’ and ‘Net-zero’.

Demand for aviation

Totalaviation demandin 2019 was almost 1 trillion ton-kilometer equiv-
alent (tkm,or11.1trillion passenger-kilometer equivalent, pkm,), with
78% representing passenger flights and 22% freight (Fig. 1a, black line).
Travel advisories and border restrictions during the global pandemic
ledtoasharp declinein the air transport of passengers’, driving global
demand down to about 0.45 trillion tkm, (5.0 trillion pkm,) in 2020:
18% and 65% decreases in freight and passenger transport, respec-
tively. Freight demand fully recovered in 20217, but as of July 2022,
passenger demand was still about 25% below pre-pandemic levels™.
While ICAO estimates that it may be several more years before passen-
ger demand recovers to 2019 levels, IATA projects a faster recovery of
air travel to 2019 levels by 2023%*. It is worth noting that demand var-
ies regionally, with about 38%, 24% and 23% of passenger-kilometers
being attributed to Asia and the Pacific, Europe and North America,
respectively. Although the share of passenger demand is substantially
smallerin the Middle East (9%), Latin America and the Caribbean (5%)
and Africa (2%), demand in those regions has been rapidly increasing,
for example, growing by 234% in the Middle East between 2007 and
2019 (Supplementary Fig. 5).

Despite such short-term uncertainty, industry projections con-
sistently anticipate continued growth in demand of air transport in
the coming decades®, whereas other researchers have argued that
substantial reductions in future demand are possible via behavioural
changes and shifts to high-speed trains*. The demand scenarios in
Fig.1lathus spanawide range of trajectories: ‘BAU’ increases of 4% per
year (to 2.9 trillion tkm, or 32.1trillion pkm, in 2050; orange curve)®,
‘Industry’ projections of an average of 2.8% increase per year (2.1 tril-
lion tkm, or 23.7 trillion pkm,; blue curve)® and ‘Ambitious’ demand
shifts that keep growth to an average of 1% per year (1.1 trillion tkm,
or12.4 trillion pkm,; green curve)®. It should be noted that the Ambi-
tious scenario implies asudden and drastic divergence inthe historical
relationship between aviation demand and expected population and
economic growth (Supplementary Fig. 1).

Energy intensity of aviation

The energy intensity of aircraft has declined by an average 1% per
year since 19707, falling from 31.6 MJ tkm,™ (2.8 MJ pkm,™) in 1990
to about 12.6 MJ tkm,™ (1.1 MJ pkm,™) in 2021 (Fig. 1b, black line). The
spikein2020is driven by the global pandemic, when the rapid drop-in
passenger demand led to decreases in the load factors of flights (that
is, the share of seats filled) and thus increases in energy intensity (to
18.3 M) tkm, " or 1.7 MJ pkm, ™). Improvements since 2010 reflect the
release of fuel-efficient aircraft such as the Airbus A320neo and A350
and the Boeing 737 MAX and 787, but the International Council on Clean
Transportation does not expect new aircrafts and thus substantial
decreases in energy intensity in the next few years®. Despite this, the
ICAQ’s A40-18 resolution in 2019 set a goal of improving the fuel effi-
ciency of international flights by 2% per year until 2050™. Even more
ambitiously, a mid-century net-zero scenario developed by the I[EA
includes reductions in the energy intensity of international flights of
an average 7% from 2019 to 2025, followed by a subsequent 2% yearly
reduction to 2030’.

The scenarios shown in Fig. 1b span the full range of these future
energy intensities, from ‘BAU’ reductions of 1% per year (to 9.4 MJ tkm, ™
or 0.85MJ pkm,?in 2050; orange curve), ‘Industry’ reduction com-
mitments of 2% per year (7.0 MJ tkm,? or 0.63 MJ pkm,; blue curve)™*
and ‘Ambitious’ reductions of an average of 4% per year (extrapolating
therapid decreases in the IEA net-zero scenario to reach 3.7 MJ tkm, !
or 0.34 MJ pkm, ™ in 2050; green curve)’. Here again, it is not clear
that the energy intensities in the most ambitious scenario are physi-
cally possible, but some studies have theorized that revolutionary
improvements such as open rotors”, blended wing-body airframes®
and hybridization®, and more efficient air traffic management, could
bringimportant efficiency gains®.

Carbonintensity of energy for aviation

Historically, jet fuel (that is, fossil kerosene-based Jet A/A-1) has been
the energy source for almost all commercial aircraft, resultingina
near-constant carbonintensity of ~73.5gC0O, M) " or124.9 gCO,eq MJ™
(including combustion emissions only; Fig. 1c, black curve). In recent
years, some airlines have begun using bio-based jet fuel-which could
decrease carbon intensity of aviation energy—but uptake has been
slow: bio-based jet fuel production was about 140 million liters in
2019. This represented less than 1% of aviation fuel use in that year*®
and was mostly blended with fossil fuels based on standard D7566
from the ASTM, which allows a maximum 50% blend*.. The first com-
mercial demonstration plane using 100% biofuels flew on December
2021, and few have done it since®. Looking forward, industry groups
nonetheless project rapid decreasesin the carbonintensity of aviation
energy. The International Renewable Energy Agency’s (IRENA) 1.5 °C
scenario assumes that by mid-century, 70% of aviation’s energy demand
is met by SAFs, while 14% comes from electricity and hydrogen®.
Similarly, IATA’s net-zero commitment projects that 65% of 1.8 GtCO,
(their estimated 2050 emissions) will be abated by using SAFs, with
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Fig.1|Decomposition parameters and emissions trajectories. a, Total

global aviation demand (D) for BAU (orange), Industry projections (blue) and
Ambitious (green) scenarios. b, Energy intensity of air transport (e) for the

same scenarios. ¢, Carbon intensity of aviation energy (f) ingCO, MJ ' for
Carbon Intensive (red), Reduced fossil (blue) and Net-zero (green) scenarios.

d, Carbon equivalentintensity (f) for aviationin gCO,eq MJ " based on a GWP100
for the same scenarios. e, Carbon dioxide emissions in GtCO, from fossil jet fuel
burning by combining three carbon intensity scenarios (f) with three demand
and energy intensity scenarios (BAU D with BAU e, Industry D with Industry eand
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Ambitious D with Ambitious e). f, Carbon-equivalent emissions in GtCO,eq
based on a GWP100 estimate based on Lee et al.®. Historical data (black) for

each panel are shown for 1990-2021; projections are shown for 2022-2050.
Panel ashows the breakdown of total demand by passenger and freight aviation.
Panels e and frepresent the emissions ranges for each group of demand and
energy-intensity scenarios in combination with the different carbon-intensity
scenarios. Panel f shows the historical breakdown between CO, and non-CO,
emissions. All scenario assumptions and sources are in Supplementary Table 1.
For other GWP and GTP, refer to Supplementary Fig. 9.

hydrogenand electricity-powered aircraft abating 13% (ref.'®). The IEA’s
net-zero scenario includes 75% of all aviation energy demand being
SAF by 2050 but with more modest deployment of electric planes®.
It is worth noting that given their energy density, only short-haul

flights (<3 hours) could be powered by electricity and hydrogen
(Supplementary Fig. 6).

There are three carbon-intensity scenarios shown in Fig. 1c,d.
First, a ‘Carbon intensive’ option that continues to rely on fossil jet
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fuel and thus maintains 73.5 gCO, M) " or 124.9 gCO,eq MJ* (red curve,
Supplementary Table 2). Second, a ‘Reduced fossil’ pathway in which
65% of energy demand by medium- and long-haul aviation in 2050 is
met by SAFs (with 35% still met by fossil jet fuel) and 13%, 57% and 30% of
short-haul aviation energy demand is met by non-emitting propulsion
systems, SAFs and fossil jet fuel, respectively. Thisleads t0 23.9 gCO, MJ !
or 71.7 gCO,eq MJ ™ in 2050 (blue curve, Supplementary Table 3). And
third, a ‘Net-zero’ pathway in which, by 2050, there is no combustion
of fossil jet fuel. In this scenario, 100% of medium- and long-haul avia-
tion energy in 2050 is supplied by SAFs, and 50% of short-haul fights
are powered by other non-emitting propulsion systems, with the rest
being SAFs. Thisleadsto 0 gCO, MJ ™ or37.6 gCO,eq MJ by 2050 (green
curve, Supplementary Table 4). Note that these scenarios assume that
the combustion emissions from SAFs are net-zero with respect to atmos-
pheric carbon and have the same non-CO, emissions as fossil fuels,
assumptions we discuss in more detail below.

Aviation emissions

Accordingto IEA estimates, aviation carbon emissions were 1.03 GtCO,
in 20197, 64% of which were related to international flights and 36%
from domestic flights. Emissions plunged to 0.61 GtCO, in 2020 amid
COVID-19 lockdowns and rebounded somewhat to 0.7 GtCO, in 2021
(Fig. 1e, black curve). On the basis of GWP100°¢, aviation’s total
equivalent emissions in 2019 were about 1.7 GtCO,eq and dropped
t01.03 GtCO,eq in 2020 (Fig. 1f, black curve). Future emissions will
reflect the combination of changes in demand, energy intensity of
aviation and the carbon intensity of aviation energy, with important
regional distinctions. By 2019, the United States represented ~28% of
global aviation emissions, followed by China (10%) and larger European
nations (18%) (Supplementary Fig. 5).

Combining our scenarios of demand and intensities as described
in Supplementary Fig. 3 gives ranges of emissions trajectories shown
inFig. 1e,f. On the upper end, BAU growth in demand (that is, +4% per
year) and improvements in energy intensity (that is, -1% per year),
with continued use of fossil jet fuel leads to annual aviation emissions
of 2.0 GtCO, (3.4 GtCO,eq) in 2050 (top of red shading in Fig. 1e,f). At
the other extreme, phasing out fossil jet fuel entirely would eliminate
carbonaviationemissions by 2050 (greenshadingin Fig. 1e)—but might
entail large costincreases (as discussed below). Accounting for non-CO,
impacts, totalequivalent emissions in such anambitious scenario would
be about 0.2 GtCO,eq by mid-century (Fig. 1f). Notably, replacing 65%
of medium- and long-haul aviation fossil jet fuel with SAFs could still
resultinannual carbon emissions of 0.65 GtCO, (higher than emissions
in 2020) or about 1.9 GtCO,eq in 2050 under BAU changes in demand
and energy intensity (top of blue shading in Fig. 1e,f; Fig. 2d). Account-
ing for the non-CO, impacts from aviation means the sector will not be
zero emissions unless carbon dioxide removals (CDR) are included.

Figure 2 reveals therelative contributions of different mitigation
levers by comparing relative changes between 2021and 2050 for avia-
tion total climate impacts and the magnitude of CDR needed toachieve
net-zero emissions. For example, annual emissions nearly triple assum-
ing BAU changes (+175%), driven by surging demand for air transport
(bluebar; Fig. 2a), requiring the highest CDR to meet net-zero targets
(3.4 GtCO,), aremoval that could cost up to a trillion dollars (Supple-
mentary Fig. 7). In contrast, assuming somewhat lower increases in
demand, analmost tripling of historical decreasesin energy intensity
and that two-thirds of fuel are sustainable and net-zero, annual emis-
sions in 2050 could be roughly equivalent of what they were in 2021
(-13%; Fig.2e), withaneed for CDR for 1.1 GtCO,. Finally, the decreases
in carbon intensity of aviation energy in net-zero scenarios (green
bar; Fig. 2g-i) are heavily dependent on projected changesin aviation
demand and energy intensity—the higher demand for air travel and
the lower the improvements in energy intensity, the more important
the share of SAFs. Inturn, greater use of SAFs lowers the need for CDR
toreach net-zero radiative forcing.

Sustainable aviation fuels

The quantity of SAFs required to meet net-zero goalsis inversely pro-
portional to changesinaviation demand and energy intensity (Fig. 3).
Although this demand might also be reduced by using hydrogen or
battery electric propulsion systems, the low energy density of such
alternatives will probably limit their use to short-haul applications (Sup-
plementaryFig. 6). Forexample, assuming a 60% fuel fraction (that s,
the share of maximum take-off weight allocated to fuel), 90% increases
in energy efficiency and 1,500 kWh t™ H,, larger body aircraft such
as aBoeing 777-200 or Airbus 380-800 (whose fuel fraction is ~50%)
converted to hydrogen propulsion would not be anywhere near able
to cover the distance of common long-haul routes such as New York
to London (5,500 km) or Los Angeles to Beijing (10,000 km). Similar
estimates show that the range of large battery electric planes would be
~500 km (Supplementary Fig. 6). Nonetheless, our Net-zero scenarios
assume that half of short-haul flights might be serviced by hydrogen
or battery electric planes (Supplementary Table 4).

Thus, Fig. 3 shows that without extreme reductions in aviation
demand and energy intensity (thatis, the green ‘Ambitious’ curves), by
2050, demand for SAFs in all of our scenarios is more than double the
quantity of global production of biofuels in 2019 (-4 EJ including etha-
nol, biodiesel and hydrotreated vegetable 0il)** and about 1,800 times
more than the 0.005 EJ of bio-based jet fuel produced in 2019*. Such
abiofuel demand could derive in aland expansion as high as 300 mil-
lion hectares (-19% of global cropland in2019; Supplementary Fig. 8).
Itis likely, however, that as electrification of other sectors continues,
some of the ~64 EJ of global biomass energy supply** are diverted
to produce bio-based jet fuels—and it is unlikely that the entirety of
SAF demand is met by biofuels. In addition to biofuels, SAFs might
ultimately include hydrocarbons produced by Fischer-Tropsch (FT)
or methanol synthesis using carbon captured from the atmosphere
and hydrogen generated without fossil CO, emissions (for example,
by electrolysis using renewable or nuclear electricity)*.

Whether biofuels or synthetic fuels, amajor barrier to the penetra-
tion of SAFsis cost, which, in turn, depends on the cost of feedstocks
and the costs and efficiency of conversion processes. In the case of
synthetic fuels, the cost of hydrogen primarily reflects electrolyser
and electricity costs, and the cost of captured carbon depends on the
technology involved. For example, assuming current costs of electro-
lytichydrogenand captured carbon are around US$4.50 kg™ H, (ref.*)
and US$0.25 kg™ CO, (ref. ), respectively, synthetic jet fuel costs
are about US$2.60 1}, more than three times higher than the global
2022 average cost of fossil jet fuel (as of 31 May 2022)*® (Fig. 4a). If we
incorporated the costs of removing carbon from the atmosphere to
compensate for the non-CO, impacts embodied in burning one liter
of syntheticjet fuel, then this cost would increase to about US$3.20 I
(based ona GWP100 and US$350 t™ CO,; Fig. 4b). These estimates are
broadly consistent with other recent studies that reported costs of
synthetic fuel ranging from US$1.30 to US$4.70 per liter (refs. ***°).
Economies of scale and learning-by-doing may substantially reduce
electrolyser and carbon capture costs in the future, making synthetic
fuels more competitive®.

Eventhough there are several conversion pathways for biofuels, FT
biofuels and hydro-processed esters and fatty acids (HEFA) are among
the fewadvanced biofuels with ‘near commercial’ fuel readiness level.
Near-commercial readiness means the conversion pathway has been
certified and the technology is beyond the research and develop-
ment stage. On the basis of average feedstock costs of US$0-1.10 kg™
of biomass and conversion efficiencies between 30-50% (~2-4 kg
biomass per kg fuel)*, current production costs for FT biofuels are
between US$1.00 and US$2.30 I (ref. **) or US$1.68 and US$2.97 17,
accounting for the costs of removing the carbon equivalent to the
non-CO, forcing in that liter of biofuel (Fig. 4c,d). The lower end uses
a zero-cost waste feedstock with 67% and 33% of the production cost
represented by capital and operating expenditures, respectively; the
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parameter: historical emissions in 2021 (maroon), increase in emissions based
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horizontal grey line in the bottom shows total biofuel production worldwide

in 2019, whereas the top dashed line shows the total global traditional use of
biomass in the same year**. For reference, in 2019, total global bioenergy use was
almost 64 EJ (ref. >*), while bio-jet fuel production was only 0.005 EJ (ref. *°).
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and anassumed cost of CDR of US$350 t™ CO, (for other assumptions, refer
to Supplementary Fig. 7b). For comparison, one of the dashed white lines in
each left panelindicates the 2022 average cost of fossil jet fuel as of the end of
May (US$0.80 1), according to IATA’s Fuel Price Monitor?®. The other dashed
white line represents upper-end costs from the literature®. Further details of
calculations arein Methods and Supplementary Tables 6-11.

upper end uses a lignocellulose feedstock that is 33% of production
cost, with the remainder 45% and 22% represented by capital and oper-
ating expenses, respectively®. Although the low end of this range
approaches the current cost of fossil jet fuel, the additional expense
may be limiting uptakein a cost-competitive industry where, at leastin
the near-term, emissions reductions remain mostly voluntary. Achiev-
ing cost parity could thus greatly increase use of FT biofuels and might
entail a carbon price of as little as US$78 t™ CO,. For HEFA biofuels,
costs of feedstocks (for example, from used cooking oil to jatropha
oil) are routinely US$0.70-2.60 kg™ (ref. *) and unlikely to decrease
much in the future. The HEFA conversion pathway has the highest
efficiency compared with other bio-based jet fuel routes at around
76% (ref. *?) (~1-2 kg biomass per kg fuel), with production cost ranges

between US$0.80 and US$2.30 I (ref. *) or US$1.46 and US$3.00 I *if
the non-CO, forcing was included (Fig. 4e,f). Although the lower-end
costs are less than fossil jet fuel, feedstock availability is limited as it
represents used cooking oil that is a byproduct of consumption, and
90% of this feedstock s already used for biodiesel production (at least
inthe European Union)™®.

Discussion

Without ambitious reductions in air transport demand and improve-
mentsinaircraftenergy efficiency, decarbonizing aviation will require
important quantities of ‘drop-in’ sustainable aviation fuels (SAFs),
especially given the number and long lifetime of commercial aircraft
(~23,000 and >25 years). As much as 19.8 EJ of SAFs—nearly five times
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the total quantity of biofuels produced worldwide in 2019**—might be
necessarytoachieve net-zero carbon emissions under business-as-usual
changesindemand and energy intensity. Such scale would require the
ethanol and biodiesel industries to grow four times faster than they did
inthe early2000s*’. Additionally, in a net-zero world, bio-based jet fuels
would compete for feedstocks with other hard-to-decarbonize sectors
and with electricity generation from bioenergy with carbon capture
and storage (which would provide a source of negative emissions).

Because of aviation’s non-CO, forcing, achieving a net-zero emis-
sionssector would also rely on CDR ranging from 0.2to 3.4 GtCO, in our
scenarios. If carbon credits are less expensive than SAFs, airlines may
seek to offset rather than reduce their combustion emissions (Supple-
mentary Fig.7).Indeed, many airlines currently offer their customers
offsets,and ICAQ’s CORSIA establishes mandatory schemesto achieve
carbon neutrality, relying mostly on offsets'. However, such credits are
increasingly facing questions of permanence and additionality** that
make reliable mitigation through fuel switching and operational shifts,
such as contrail avoidance by plane rerouting, vital®.

Giventhat airline net profitsin2019 were about US$3.26 per thou-
sand passenger-kilometers (ref. *°) and fuel represents between 20%
and 30% of airlines’ operating costs*, the high current costs of SAFs
(2-4 times higher than fossil jet fuel based on recent references; Fig. 4)
may not be feasible. These high costs make fuel switching the most
difficultin developing regions, where aviationdemand is growing the
fastest. Projected decreases in the costs of electrolytic hydrogen®
and captured carbon*® would make synthetic fuels more affordable,
and higher conversion efficiencies and lower feedstock costs would
help FT and HEFA biofuels. Such improvements may be induced via
specific policy incentives such as cleaner aviation fuel tax credits (as
those included in the Inflation Reduction Act in the United States)*
and low-carbon fuel standards®®, though HEFA feedstock costs have
been quite volatilein recent years®. Carbon pricing could also change
the incentive structure and make SAFs more competitive, potentially
hastening deployment and further reducing costs via learning and
economies of scale®.

Several important limitations and caveats apply to our find-
ings. Although it is possible to produce SAFs with net-zero or even
net-negative CO, emissions to the atmosphere, recent studies have
estimated that thelife-cycle emissions related to biofuels often entail
emissions of 6-108 gCO,eq M) (ref.?). ICAO’s SAF requirements only
demand a10% emissions reduction™, though we have assumed SAFs to
be net-zero carbon. Ensuring the carbon neutrality of future biofuels
will require resolving a host of complex accounting decisions, such
as the time allowed between an emission and an uptake, the global
warming potential of non-CO, and the attribution of emissions from
indirect land-use change®***. Moreover, the American Society for
Testing Materials certification currently allows blends of up to 50%,
mostly because of the low aromatic content of SAFs. Fully deploying
SAFswould require allowing 100%, and although manufacturers such
as Boeing have goals of achieving this by 2030, it is not yet guaran-
teed®**, Additionally, the energy density of SAFs is less than that
of fossil jet fuel, which could have implications for their value and
aircraft range if fully deployed and derive in higher fuel consump-
tion leading to higher non-CO, radiative forcing. Compared with
34.7-35.3 MJ 1! of fossil jet fuel®, the energy densities of synthetic
methanol, bioethanol, biodiesel and hydrotreated vegetable oil are
15.6 MJ 17, 21.4 MJ 17, 32.7 MJ I 'and 34.4 M) I}, respectively**>. More
generally, while we consider non-CO, emissions from aviation, much
uncertainty remains on accounting for these emissions, particu-
larly in terms of short-lived climate forcers such as contrails®. We
assume that SAFs have the same non-CO, emissions as fossil jet fuels,
though some studies have found that cleaner aviation fuels could
bothincrease or decrease contrail formation®°°,

Despite these considerations, our analysis demonstrates the
large-scale increases in SAF production that may be necessary to

decarbonize the sector and the extent to which decreases in demand
and improvementsin energy intensity can reduce future demand for
SAFs and the need for CDR. The main challenges to scaling up such
sustainable fuel production include technology costs and process
efficiencies, both of which are thus key targets for policies and innova-
tion. Additionally, the interactions with food security, local communi-
tiesand land use are enormous hurdles for such aramp-up and come
with their own increasingly difficult trade-offs. Yet with moderate
growth in demand, continued improvements in aircraft energy effi-
ciency and operational and infrastructureimprovements, new propul-
sion systems for short-haul trips, greatly accelerated production of
SAFs and the possibility of balancing non-CO, radiative forcing with
equivalentamounts of CDR, the aviation sector could achieve net-zero
emissions by 2050.

Methods

In this paper, we use the Kaya identity to decompose historical emis-
sions from global aviation and to analyse future pathways for the decar-
bonization of the sector. This approach has been applied in other
studies to analyse historical global and regional drivers of CO, emis-
sions asawhole® and in specific sectors or regions for historical emis-
sionsand future trajectories®>*’, We analyse emissions, energy and air
travel demand data from the International Energy Agency (IEA)">%*¢7,
the Carbon Monitor®®, the World Bank® 7!, ICAO®*”> ™ and IATA™.

Scenarios

We develop a total of nine scenarios, shown in Supplementary Fig. 3
and Supplementary Fig. 4, based on variations for demand and energy
intensity (De) and carbon intensity (f). The decomposition of the sce-
narios and sources for the data for each parameter and the future
projected assumptions are available in Supplementary Table 1.

Kaya Parameters

Distance. Given the uncertainty regarding the recovery of and future
demand of air travel, we develop three demand-based scenarios with
different projections. In the Business-as-usual scenario, passenger
demand recovers by 2024, consistent with ICAO’s central recovery
projection” (based on IATA, freight aviation has already recovered)®,
and future projection follows historical GDP growth™ (1980-2019)
of 4% between 2024 and 2050. In the Industry projections scenario,
demand also recovers by 2024 and then grows yearly at 2.9% and 2.6%
for passenger and freight demand, respectively, consistent withICAO’s
low post-COVID demand scenario®. In the Ambitious reductions sce-
nario, we assume that behavioural change and consumer preferences
derive a slight 12% increase in demand by 2050 compared with 2019,
similar with the IEA’s net-zero scenario for aviation®, which translates
to al% yearly increase in total aviation demand from 2022 to 2050
(Supplementary Table 1 provides more details).

Energy intensity. We model three energy-intensity-based scenarios. In
the Business-as-usual scenario, we follow a1% energy-intensity reduc-
tion per year, consistent with the 1970-2019 average®. For the Industry
projections scenario, we assume that ICAO’s A40-18 resolution of 2%
yearlyimprovementsin fuel efficiency is met both internationally and
domestically’. For the Ambitious reductions scenario, we assume
energy-intensity reductions similar to the IEA’s net-zero scenario, with
intensities decreasing rapidly between 2022 and 2025 and more mod-
est decreases between 2025 and 2050, with an overall average yearly
decrease of 4% from 2022 t0 2050 (Supplementary Table 1).

Carbon intensity. There are three carbon-intensity scenarios in this
study. In the Carbon intensive scenario, we assume that fossil jet fuel
continues to be the main energy source for aviation, consistent with
historical record, which leads to a carbon intensity of 73.5 gCO, MJ™
(refs. °©77) or 124.9 gCO,eq M) (from tank to wake, excluding fuel
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production emissions) (Supplementary Table 2). We neglect life-cycle,
‘well-to-tank’ emissions because such emissions are thought to repre-
sentasmall fraction of the total (for example, 14.3 gCO, MJ ™) (ref.*°) and
because these emissions are, in theory, much easier to avoid than the
direct emissions from aviation itself’. That is, aviation emissions are
particularly difficult to abate because the high-energy-density liquid
fuels are needed to power large, long-distance flights, but life-cycle
emissions of fuels could be avoided by, for example, electrification of
mining or drilling equipment and processing facilities. Inthe Reduced
fossil scenario, we follow IATA’s net-zero carbon emissions pathway
introduced in the 77th Annual General Meeting. On the basis of IATA’s
proposition, by 2050, 65% of 2050 estimated emissions are mitigated
with SAFs, and new technologies (electric planes and/or hydrogen)
mitigate 13%, only allowing electric planes to deploy in short-haul
flights, starting in 2025 with less than 1%, linearly increasing to 13% by
2050%. Inour scenario, this derives in a carbonintensity that decreases
from 73.5gCO, MJ™ (or 124.9 gC0O,eq MJ™) in 2021 t0 23.9 gCO, M) !
(or 71.7 gCO,eq MJ™) in 2050 (Supplementary Table 3). The Net-zero
scenario follows amore aggressive deployment of both SAFs and new
propulsion technologies by 2050, and we assume that the entirety
of medium- and long-haul planes are powered with SAFs and that for
short-haulaviation, the splitis 50-50 between SAFs and new propulsion
planes. Inourscenario, thisderivesina carbonintensity that decreases
from 73.5gCO, MJ ™ (or 124.9 gCO,eq MJ ™) in 2021 to 0 gCO, MJ* (or
37.6 gCO,eqMJ™) in 2050 (Supplementary Table 4). We assume that
biofuels and synthetic fuels are net-zero carbon fuels and that they
have the same non-CO, emissions as fossil jet fuel, that the electricity
to power short-haul planes comes from a renewable grid—and thus
also has anet-zero carbon content—and that hydrogenis a product of
electrolysis (Supplementary Table1).

Non-CO, emissions

In this study, we calculate CO, emissions based on the Kaya identity
presented in equation (1), considering the demand for aviation, the
energy intensity of aviation and the carbonintensity of the energy used
to power aviation. Non-CO, emissions are calculated based on multipli-
ers from Lee et al.® (Supplementary Table 5). These emissions include
contrail cirrus, nitrous oxides, soot emissions, sulfur dioxide and water
vapour. We use a global warming potential of 100 years (GWP100) and
report GWP of 20 and 50 years and global temperature potentials (GTP)
of 20,50 and 100 years in Supplementary Fig. 9.

For scenarios with a carbon intensity following the Reduced car-
bonand Net-zero pathways, we assume that SAFs are net-zero interms
of carbon but that they have the same non-CO, emissions as fossil jet
fuel given the uncertainty around non-CO,. Therefore, the net-zero
carbon-intensity scenarios result in emissions in terms of carbon
equivalence even though they are considered net-zero carbon. The
carbonintensity for scenarios including non-CO, emissions measured
ingCO0,eq M) was calculated based on estimated total fuel consump-
tionand CO,eq emissions.

Cost estimates
Synthetic fuels. The cost estimate for synthetic fuels is based on the
mass balance, estimated as:

(Hydrogen unit cost x 0.4) + (Carbon unit cost x 3.14)
Conversion efficiency

CH, cost =

We are assuming a conversion efficiency of 80%. We are represent-
ing costsinliters, assuming 0.8 kg of synthetic fuel in each liter. Capital
and operation costs are not considered in the equation as they repre-
sent only a minor portion of the cost compared to the hydrogen and
carbon costs”. The constants 0.4 and 3.14 are the weight of hydrogen
and CO,neededto produceltonof CH, (3H,+ CO,~> CH, +2H,0). The
values for Fig. 4 are depicted in Supplementary Tables 6 and 7.

FT biofuels. The cost estimate of Fischer-Tropsch (FT) biofuels
includes capital expenditure, operational expenditure, feedstock
costs and efficiencies. The cost is estimated as:

(O YD 4012 | Feedstock cost)

kg biomass kg biomass

FT cost = - -
Conversion efficiency

We arerepresenting costsinliters, assuming that there are 0.88 kg
ineachliter for HEFA fuel, based on biodiesel density (1 liter = 0.88 kg).
The constants 0.07 and 0.12 represent the capital and operation costs
without considering the biomass cost per input®’. The values for
Fig.4 are depicted in Supplementary Tables 8 and 9.

HEFA biofuel. The cost estimate of hydro-processed esters and
fatty acids (HEFA) biofuels includes capital expenditure, opera-
tional expenditure, feedstock costs and efficiencies. The cost is
estimated as:

( ” bL:ZanaSS + 4k ;zzass + Feedstock cost)
HEFA cost = £ £

Conversion efficiency

We arerepresenting costsinliters, assuming that there are 0.88 kg
ineachliter for HEFA fuel, based on biodiesel density (1 liter = 0.88 kg).
The constants 0.17 and 0.34 represent the capital and operation costs
without considering the biomass cost per input®’. The values for
Fig.4 are depicted in Supplementary Tables10 and 11.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data were compiled from open sources (except for aviation’s
energy consumption), and the references are mentioned in Sup-
plementary Table 1. The open-source data are available at https://
doi.org/10.5281/zenodo.7187059. The only exception is the IEA pro-
prietary data for aviation’s energy consumption®, Historical emis-
sions are from IEA®® and CMP®®, while future emissions are calculated
based on equation (1). Historical demand is from ICAO”>™, while
freight demand is from the World Bank®® and IATA*. Future avia-
tion demand follows assumptions with data from the International
Monetary Fund’, ICAO® and IEA®. Historical energy-intensity values
were calculated based on demand data and fuel consumption data
from IEA®. Future energy-intensity estimates follow assumptions
from Zheng et al.?®, ICAO’* and IEA’. Historical carbon intensity is cal-
culated with data from Bosch et al.*°, and carbon equivalent intensity
is calculated based on Lee et al.°. Future carbon intensities are calcu-
lated based on penetration of different SAFs and electric/hydrogen-
powered planes.

Code availability
Data processing was done in Excel. The generation of Fig. 4 and Sup-
plementary Fig. 7 of this manuscript were done in R version 4.1.0 and
areavailableat https://github.com/CandeBergero/Code-Fig4-Net-zero-
emissions-aviation.git.

References

1. IPCC Summary for Policymakers. In Climate Change 2022:
Mitigation of Climate Change (eds Shukla, P.R. et al.) (Cambridge
Univ. Press, 2022).

2. Hohne, N. et al. Wave of net zero emission targets opens
window to meeting the Paris Agreement. Nat. Clim. Change 11,
820-822 (2021).

Nature Sustainability


http://www.nature.com/natsustain
https://doi.org/10.5281/zenodo.7187059
https://doi.org/10.5281/zenodo.7187059
https://github.com/CandeBergero/Code-Fig4-Net-zero-emissions-aviation.git
https://github.com/CandeBergero/Code-Fig4-Net-zero-emissions-aviation.git

Article

https://doi.org/10.1038/s41893-022-01046-9

10.

mn

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Vardon, D. R., Sherbacow, B. J., Guan, K., Heyne, J. S. & Abdullah,
Z. Realizing ‘net-zero-carbon’ sustainable aviation fuel. Joule 6,
16-21(2022).

Sharmina, M. et al. Decarbonising the critical sectors of aviation,
shipping, road freight and industry to limit warming to 1.5-2°C.
Clim. Policy 21, 455-474 (2021).

Kléwer, M. et al. Quantifying aviation’s contribution to global
warming. Environ. Res. Lett. 16, 104027 (2021).

Lee, D. S. et al. The contribution of global aviation to
anthropogenic climate forcing for 2000 to 2018. Atmos. Environ.
244,117834 (2021).

Aviation (IEA, 2022); https://www.iea.org/reports/aviation

ICAO Appendix A: Traffic Forecasts (ICAO, 2021); https://www.icao.

int/sustainability/Documents/Post-COVID-19%20forecasts%20
scenarios%20tables.pdf

Gossling, S., Humpe, A., Fichert, F. & Creutzig, F. COVID-19 and
pathways to low-carbon air transport until 2050. Environ. Res.
Lett. 16, 034063 (2021).

Schubert, I., Sohre, A. & Strobel, M. The role of lifestyle, quality of
life preferences and geographical context in personal air travel.
J. Sustain. Tour. 28, 1519-1550 (2020).

Higham, J. & Font, X. Decarbonising academia: confronting our
climate hypocrisy. J. Sustain. Tour. 28, 1-9 (2020).

Boeing Commits to Deliver Commercial Airplanes Ready to Fly on
100% Sustainable Fuels (Boeing, 2021); https://investors.boeing.
com/investors/investor-news/press-release-details/2021/Boeing-
Commits-to-Deliver-Commercial-Airplanes-Ready-to-Fly-on-100-
Sustainable-Fuels/default.aspx

Airbus Reveals New Zero-Emission Concept Aircraft (Airbus, 2020);
https://www.airbus.com/en/newsroom/press-releases/2020-09-
airbus-reveals-new-zero-emission-concept-aircraft

Climate Change Mitigation: CORSIA Introduction to CORSIA Ch. 6
(ICAQ, 2019); https://www.icao.int/environmental-protection/
CORSIA/Documents/ICAO%20Environmental%20Report%20
2019_Chapter%206.pdf

United States: 2021 Aviation Climate Action Plan (Federal Aviation
Administration, 2021); https://www.faa.gov/sites/faa.gov/
files/2021-11/Aviation_Climate_Action_Plan.pdf

Report from the Commission to the European Parliament and the
Council: Updated Analysis of the Non-CO, Climate Impacts of
Aviation and Potential Policy Measures Pursuant to EU Emissions
Trading System Directive Article 30(4) (European Union Aviation
Safety Agency, 2020); https://eur-lex.europa.eu/legal-content/
EN/TXT/?uri=SWD:2020:277:FIN

Beevor, J. & Alexander, K. Missed Targets: A Brief History of
Aviation Climate Targets (produced by Green Gumption for
Possible, 2022); https://www.wearepossible.org/our-reports-1/
missed-target-a-brief-history-of-aviation-climate-targets
Net-Zero Carbon Emissions by 2050 (IATA, 2021); https://
www.iata.org/en/pressroom/pressroom-archive/2021-
releases/2021-10-04-03/

Gonzalez-Garay, A. et al. Unravelling the potential of sustainable
aviation fuels to decarbonise the aviation sector. Energy Environ.
Sci. 15, 3291-3309 (2022).

Dray, L. et al. Cost and emissions pathways towards

net-zero climate impacts in aviation. Nat. Clim. Change 12,
956-962 (2022).

Becattini, V., Gabrielli, P. & Mazzotti, M. Role of carbon

capture, storage, and utilization to enable a net-zero-
CO,-emissions aviation sector. Ind. Eng. Chem. Res. 60,
6848-6862 (2021).

Kulisch, E. IATA forecasts 2021 air cargo revenues to hit record
$175B. FreightWaves (4 October 2021).

July Passenger Demand Remains Strong (IATA, 2022); https://www.
iata.org/en/pressroom/2022-releases/2022-09-07-02/

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

Annual Review 2021 (IATA, 2021); https://www.iata.org/
contentassets/c81222d96c9a4e0bb4ff6ced0126f0bb/
iata-annual-review-2021.pdf

Net Zero by 2050 A Roadmap for the Global Energy Sector

(IEA, 2021); https://iea.blob.core.windows.net/assets/
deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-
ARoadmapfortheGlobalEnergySector_CORR.pdf

Zheng, X. S. & Rutherford, D. Fuel Burn of New Commercial Jet
Aircraft: 1960 to 2019 (ICCT, 2020); https://theicct.org/sites/
default/files/publications/Aircraft-fuel-burn-trends-sept2020.pdf
Hendricks, E. S. & Tong, M. T. Performance and weight estimates
for an advanced open rotor engine. In 48th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference and Exhibit 2012 https://doi.
org/10.2514/6.2012-3911 (2012).

Brown, M. & Vos, R. Conceptual design and evaluation of
blended-wing-body aircraft. In AIAA Aerospace Sciences Meeting,
2018 https://doi.org/10.2514/6.2018-0522 (2018).

Nishizawa, A., Kallo, J., Garrot, O. & Weiss-Ungethiim, J. Fuel

cell and Li-ion battery direct hybridization system for aircraft
applications. J. Power Sources 222, 294-300 (2013).

Sustainable Aviation Fuels Guide (ICAQ, 2019); https://www.
icao.int/environmental-protection/knowledge-sharing/Docs/
Sustainable%20Aviation%20Fuels%20Guide_vf.pdf

Fact Sheet 2: Sustainable Aviation Fuel: Technical Certification
(IATA, 2020); https://www.iata.org/contentassets/d13875e9ed-
784f75bac90f000760e998/saf-technical-certifications.pdf
From the Lab to the Sky: Five Things to Know about Biofuel-Powered
Flights (DOE, 2022); https://www.energy.gov/eere/articles/
lab-sky-five-things-know-about-biofuel-powered-flights

World Energy Transitions Outlook 2021 (IRENA, 2021); https://www.
irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jun/
IRENA_World_Energy_Transitions_Outlook_2021.pdf
Bioenergy-Analysis (IEA, 2022); https://www.iea.org/reports/
bioenergy

Reaching Zero with Renewables: Biojet Fuels (IRENA, 2021); https://
www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/
Jul/IRENA_Reaching_Zero_Biojet_Fuels_2021.pdf

Ueckerdt, F. et al. Potential and risks of hydrogen-based e-fuels in
climate change mitigation. Nat. Clim. Change 11, 384-393 (2021).
Baylin-Stern, A. & Berghout, N. Is Carbon Capture Too Expensive?
(IEA, 2021); https://www.iea.org/commentaries/is-carbon-
capture-too-expensive

Fuel Price Monitor (IATA, 2022); https://www.iata.org/en/
publications/economics/fuel-monitor/

Li, X. et al. Greenhouse gas emissions, energy efficiency, and
cost of synthetic fuel production using electrochemical CO,
conversion and the Fischer-Tropsch process. Energy Fuels 30,
5980-5989 (2016).

Searle, S. & Christensen, A. Decarbonization Potential Of
Electrofuels In The European Union (ICCT, 2018); https://theicct.
org/publication/decarbonization-potential-of-electrofuels-in-
the-european-union/

Leibbrandt, N. H., Aboyade, A. O., Knoetze, J. H. & Gorgens, J.

F. Process efficiency of biofuel production via gasification and
Fischer-Tropsch synthesis. Fuel 109, 484-492 (2013).

Doliente, S. S. et al. Bio-aviation fuel: a comprehensive review
and analysis of the supply chain components. Front. Energy Res.
8,110 (2020).

Staples, M. D., Malina, R., Suresh, P., Hileman, J. |. & Barrett, S. R.
H. Aviation CO, emissions reductions from the use of alternative
jet fuels. Energy Policy 114, 342-354 (2018).

Warnecke, C., Schneider, L., Day, T., La Hoz Theuer, S. &
Fearnehough, H. Robust eligibility criteria essential for new
global scheme to offset aviation emissions. Nat. Clim. Change 9,
218-221(2019).

Nature Sustainability


http://www.nature.com/natsustain
https://www.iea.org/reports/aviation
https://www.icao.int/sustainability/Documents/Post-COVID-19%20forecasts%20scenarios%20tables.pdf
https://www.icao.int/sustainability/Documents/Post-COVID-19%20forecasts%20scenarios%20tables.pdf
https://www.icao.int/sustainability/Documents/Post-COVID-19%20forecasts%20scenarios%20tables.pdf
https://investors.boeing.com/investors/investor-news/press-release-details/2021/Boeing-Commits-to-Deliver-Commercial-Airplanes-Ready-to-Fly-on-100-Sustainable-Fuels/default.aspx
https://investors.boeing.com/investors/investor-news/press-release-details/2021/Boeing-Commits-to-Deliver-Commercial-Airplanes-Ready-to-Fly-on-100-Sustainable-Fuels/default.aspx
https://investors.boeing.com/investors/investor-news/press-release-details/2021/Boeing-Commits-to-Deliver-Commercial-Airplanes-Ready-to-Fly-on-100-Sustainable-Fuels/default.aspx
https://investors.boeing.com/investors/investor-news/press-release-details/2021/Boeing-Commits-to-Deliver-Commercial-Airplanes-Ready-to-Fly-on-100-Sustainable-Fuels/default.aspx
https://www.airbus.com/en/newsroom/press-releases/2020-09-airbus-reveals-new-zero-emission-concept-aircraft
https://www.airbus.com/en/newsroom/press-releases/2020-09-airbus-reveals-new-zero-emission-concept-aircraft
https://www.icao.int/environmental-protection/CORSIA/Documents/ICAO%20Environmental%20Report%202019_Chapter%206.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/ICAO%20Environmental%20Report%202019_Chapter%206.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/ICAO%20Environmental%20Report%202019_Chapter%206.pdf
https://www.faa.gov/sites/faa.gov/files/2021-11/Aviation_Climate_Action_Plan.pdf
https://www.faa.gov/sites/faa.gov/files/2021-11/Aviation_Climate_Action_Plan.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=SWD:2020:277:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=SWD:2020:277:FIN
https://www.wearepossible.org/our-reports-1/missed-target-a-brief-history-of-aviation-climate-targets
https://www.wearepossible.org/our-reports-1/missed-target-a-brief-history-of-aviation-climate-targets
https://www.iata.org/en/pressroom/pressroom-archive/2021-releases/2021-10-04-03/
https://www.iata.org/en/pressroom/pressroom-archive/2021-releases/2021-10-04-03/
https://www.iata.org/en/pressroom/pressroom-archive/2021-releases/2021-10-04-03/
https://www.iata.org/en/pressroom/2022-releases/2022-09-07-02/
https://www.iata.org/en/pressroom/2022-releases/2022-09-07-02/
https://www.iata.org/contentassets/c81222d96c9a4e0bb4ff6ced0126f0bb/iata-annual-review-2021.pdf
https://www.iata.org/contentassets/c81222d96c9a4e0bb4ff6ced0126f0bb/iata-annual-review-2021.pdf
https://www.iata.org/contentassets/c81222d96c9a4e0bb4ff6ced0126f0bb/iata-annual-review-2021.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://theicct.org/sites/default/files/publications/Aircraft-fuel-burn-trends-sept2020.pdf
https://theicct.org/sites/default/files/publications/Aircraft-fuel-burn-trends-sept2020.pdf
https://doi.org/10.2514/6.2012-3911
https://doi.org/10.2514/6.2012-3911
https://doi.org/10.2514/6.2018-0522
https://www.icao.int/environmental-protection/knowledge-sharing/Docs/Sustainable%20Aviation%20Fuels%20Guide_vf.pdf
https://www.icao.int/environmental-protection/knowledge-sharing/Docs/Sustainable%20Aviation%20Fuels%20Guide_vf.pdf
https://www.icao.int/environmental-protection/knowledge-sharing/Docs/Sustainable%20Aviation%20Fuels%20Guide_vf.pdf
https://www.iata.org/contentassets/d13875e9ed784f75bac90f000760e998/saf-technical-certifications.pdf
https://www.iata.org/contentassets/d13875e9ed784f75bac90f000760e998/saf-technical-certifications.pdf
https://www.energy.gov/eere/articles/lab-sky-five-things-know-about-biofuel-powered-flights
https://www.energy.gov/eere/articles/lab-sky-five-things-know-about-biofuel-powered-flights
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jun/IRENA_World_Energy_Transitions_Outlook_2021.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jun/IRENA_World_Energy_Transitions_Outlook_2021.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jun/IRENA_World_Energy_Transitions_Outlook_2021.pdf
https://www.iea.org/reports/bioenergy
https://www.iea.org/reports/bioenergy
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jul/IRENA_Reaching_Zero_Biojet_Fuels_2021.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jul/IRENA_Reaching_Zero_Biojet_Fuels_2021.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jul/IRENA_Reaching_Zero_Biojet_Fuels_2021.pdf
https://www.iea.org/commentaries/is-carbon-capture-too-expensive
https://www.iea.org/commentaries/is-carbon-capture-too-expensive
https://www.iata.org/en/publications/economics/fuel-monitor/
https://www.iata.org/en/publications/economics/fuel-monitor/
https://theicct.org/publication/decarbonization-potential-of-electrofuels-in-the-european-union/
https://theicct.org/publication/decarbonization-potential-of-electrofuels-in-the-european-union/
https://theicct.org/publication/decarbonization-potential-of-electrofuels-in-the-european-union/

Article

https://doi.org/10.1038/s41893-022-01046-9

45,

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Teoh, R., Schumann, U. & Stettler, M. E. J. Beyond contrail

avoidance: efficacy of flight altitude changes to minimise contrail.

Aerospace 7,121 (2020).

IATA Economics’ Chart of the Week (IATA, 2019); https://www.
iata.org/en/iata-repository/publications/economic-reports/
airline-profit-per-passenger-not-enough-to-buy-a-big-mac-in-
switzerland/

Holladay, J., Abdullah, Z. & Heyne, J. Sustainable Aviation Fuel:
Review of Technical Pathways (DOE, 2020); https://www.energy.
gov/sites/prod/files/2020/09/f78/beto-sust-aviation-fuel-
sep-2020.pdf

McQueen, N. et al. A review of direct air capture (DAC): scaling
up commercial technologies and innovating for the future. Prog.
Energy 3, 032001 (2021).

H.R. 5376: Inflation Reduction Act of 2022 US House bill (2022).
Bosch, J., de Jong, S., Hoefnagels, R. & Slade, R. Aviation Biofuels:
Strategically Important, Technically Achievable, Tough to Deliver
(Grantham Institute, 2017); https://www.imperial.ac.uk/media/
imperial-college/grantham-institute/public/publications/briefing-
papers/BP-23-Aviation-Biofuels.pdf

Tao, L., Milbrandt, A., Zhang, Y. & Wang, W. C. Techno-economic
and resource analysis of hydroprocessed renewable jet fuel.
Biotechnol. Biofuels 10, 261 (2017).

Land Sector and Removals Initiative (Greenhouse Gas Protocol,
2022).

Ocko, I. B. et al. Unmask temporal trade-offs in climate policy
debates. Science 356, 492-493 (2017).

van Dyk, S. Sustainable aviation fuels are not all the same and
regular commercial use of 100% SAF is more complex. Green Air
(1 February 2022).

Greenbaum, W. Alternative Jet Fuels. Stanford Univ. (2012); http://
large.stanford.edu/courses/2012/ph240/greenbaum1/
Renewables 2018 Global Status Report (REN21, 2018); https://www.
ren21.net/gsr-2018/pages/units/units/

Patterson, B. D. et al. Renewable CO, recycling and synthetic fuel
production in a marine environment. Proc. Natl Acad. Sci. U.S.A.
116, 12212-12219 (2019).

Cain, M. et al. Improved calculation of warming-equivalent
emissions for short-lived climate pollutants. npj Clim. Atmos. Sci.
2,29 (2019).

Voigt, C. et al. Cleaner burning aviation fuels can reduce contrail
cloudiness. Commun. Earth Environ. 2, 114 (2021).

Caiazzo, F., Agarwal, A., Speth, R. L. & Barrett, S. R. H. Impact of
biofuels on contrail warming. Environ. Res. Lett. 12, 114013 (2017).
Raupach, M. R. et al. Global and regional drivers of accelerating CO,
emissions. Proc. Natl Acad. Sci. U.S.A. 104, 10288-10293 (2007).
Ma, M. & Cai, W. What drives the carbon mitigation in Chinese
commercial building sector? Evidence from decomposing an
extended Kaya identity. Sci. Total Environ. 634, 884-899 (2018).
Mavromatidis, G., Orehounig, K., Richner, P. & Carmeliet, J. A
strategy for reducing CO, emissions from buildings with the Kaya
identity-a Swiss energy system analysis and a case study. Energy
Policy 88, 343-354 (2016).

Aviation-Fuels & Technologies (IEA, 2022); https://www.iea.org/
fuels-and-technologies/aviation

IEA Oil Demand by Product for Non-OECD Countries, IEA World
Energy Statistics and Balances (IEA, 2022); https://doi.org/10.1787/
data-00511-en

IEA Detailed CO, estimates, IEA CO, Emissions from Fuel
Combustion Statistics: Greenhouse Gas Emissions from Energy
(IEA, 2022); https://doi.org/10.1787/data-00429-en

IEA Energy Intensity of Passenger Aviation in the Net Zero Scenario,
2000-2030—Charts—Data & Statistics (IEA, 2021); https://www.
iea.org/data-and-statistics/charts/energy-intensity-of-passenger-
aviation-in-the-net-zero-scenario-2000-2030

68. Carbon Monitor Project CO, Emissions (Carbon Monitor Project,
2022); https://carbonmonitor.org/international-aviation

69. World Bank Air Transport, Freight (million ton-km) (World Bank,
2022); https://data.worldbank.org/indicator/IS.AIR.GOOD.MT.K1

70. World Bank Population, Total (World Bank, 2022); https://data.
worldbank.org/indicator/SP.POPTOTL

71.  World Bank GDP Per Capita (Current US$) (World Bank, 2022);
https://data.worldbank.org/indicator/ny.gdp.pcap.cd

72. Resolution A40-18: Consolidated Statement of Continuing ICAO
Policies and Practices Related to Environmental Protection-Climate
Change (ICAQ, 2019).

73. The Air Transport Industry (ICAQ, 2014); https://www.icao.int/
sustainability/documents/AirTransport-figures.pdf

74. The World of Air Transport in 2019 (ICAO, 2020); https://www.icao.
int/annual-report-2019/Pages/the-world-of-air-transport-in-2019.
aspx

75. Table A: COVID-19 Forecast Scenario Assumption Matrices (ICAQ,
2020); https://www.icao.int/sustainability/Documents/post%20
covid%20forecasts%20scenarios%20tables.pdf

76. IMF World Economic Outlook Database (IMF, 2021); https://www.
imf.org/en/Publications/WEO/weo-database/2021/October

77. OECD.Stat WORLD_BBL.IVT (OECD, 2022); https://stats.oecd.
org/BrandedView.aspx?oecd_bv_id=enestats-data-en&doi=data-
00510-en#

78. Giriffiths, S., Sovacool, B. K., Kim, J., Bazilian, M. & Uratani, J. M.
Decarbonizing the oil refining industry: a systematic review of
sociotechnical systems, technological innovations, and policy
options. Energy Res. Soc. Sci. 89, 102542 (2022).

79. Gielen, D., Castellanos, G. & Crone, K. The outlook for Powerfuels
in aviation, shipping. Energy Post https://energypost.eu/the-
outlook-for-powerfuels-in-aviation-shipping/ (2020).

80. Innovation Outlook: Advanced Liquid Biofuels (IRENA, 2016);
https://www.irena.org/-/media/Files/IRENA/Agency/
Publication/2016/IRENA_Innovation_Outlook_Advanced_Liquid_
Biofuels_2016.pdf

81. IEA Global Biofuel Production in 2019 and Forecast to 2025-Charts-
Data & Statistics (IEA, 2020); https://www.iea.org/data-and-statistics/
charts/global-biofuel-production-in-2019-and-forecast-to-2025

Acknowledgements
C.B. and S.J.D. were supported by the US National Science Foundation
and US Department of Agriculture (INFEWS grant EAR 1639318).

Author contributions

C.B. and S.J.D. conceived the study. C.B. performed the analyses

with support from G.G., D.G., S.K., M.B. and S.J.D. The writing of the
manuscript was done by C.B. and S.J.D., with inputs and revisions from
G.G.,D.G., S.K.and M.B.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41893-022-01046-9.

Correspondence and requests for materials should be addressed to
Candelaria Bergero or Steven J. Davis.

Peer review information Nature Sustainability thanks Paolo Gabrielli
and the other, anonymous, reviewer for their contribution to the
peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Sustainability


http://www.nature.com/natsustain
https://www.iata.org/en/iata-repository/publications/economic-reports/airline-profit-per-passenger-not-enough-to-buy-a-big-mac-in-switzerland/
https://www.iata.org/en/iata-repository/publications/economic-reports/airline-profit-per-passenger-not-enough-to-buy-a-big-mac-in-switzerland/
https://www.iata.org/en/iata-repository/publications/economic-reports/airline-profit-per-passenger-not-enough-to-buy-a-big-mac-in-switzerland/
https://www.iata.org/en/iata-repository/publications/economic-reports/airline-profit-per-passenger-not-enough-to-buy-a-big-mac-in-switzerland/
https://www.energy.gov/sites/prod/files/2020/09/f78/beto-sust-aviation-fuel-sep-2020.pdf
https://www.energy.gov/sites/prod/files/2020/09/f78/beto-sust-aviation-fuel-sep-2020.pdf
https://www.energy.gov/sites/prod/files/2020/09/f78/beto-sust-aviation-fuel-sep-2020.pdf
https://www.imperial.ac.uk/media/imperial-college/grantham-institute/public/publications/briefing-papers/BP-23-Aviation-Biofuels.pdf
https://www.imperial.ac.uk/media/imperial-college/grantham-institute/public/publications/briefing-papers/BP-23-Aviation-Biofuels.pdf
https://www.imperial.ac.uk/media/imperial-college/grantham-institute/public/publications/briefing-papers/BP-23-Aviation-Biofuels.pdf
http://large.stanford.edu/courses/2012/ph240/greenbaum1/
http://large.stanford.edu/courses/2012/ph240/greenbaum1/
https://www.ren21.net/gsr-2018/pages/units/units/
https://www.ren21.net/gsr-2018/pages/units/units/
https://www.iea.org/fuels-and-technologies/aviation
https://www.iea.org/fuels-and-technologies/aviation
https://doi.org/10.1787/data-00511-en
https://doi.org/10.1787/data-00511-en
https://doi.org/10.1787/data-00429-en
https://www.iea.org/data-and-statistics/charts/energy-intensity-of-passenger-aviation-in-the-net-zero-scenario-2000-2030
https://www.iea.org/data-and-statistics/charts/energy-intensity-of-passenger-aviation-in-the-net-zero-scenario-2000-2030
https://www.iea.org/data-and-statistics/charts/energy-intensity-of-passenger-aviation-in-the-net-zero-scenario-2000-2030
https://carbonmonitor.org/international-aviation
https://data.worldbank.org/indicator/IS.AIR.GOOD.MT.K1
https://data.worldbank.org/indicator/SP.POP.TOTL
https://data.worldbank.org/indicator/SP.POP.TOTL
https://data.worldbank.org/indicator/ny.gdp.pcap.cd
https://www.icao.int/sustainability/documents/AirTransport-figures.pdf
https://www.icao.int/sustainability/documents/AirTransport-figures.pdf
https://www.icao.int/annual-report-2019/Pages/the-world-of-air-transport-in-2019.aspx
https://www.icao.int/annual-report-2019/Pages/the-world-of-air-transport-in-2019.aspx
https://www.icao.int/annual-report-2019/Pages/the-world-of-air-transport-in-2019.aspx
https://www.icao.int/sustainability/Documents/post%20covid%20forecasts%20scenarios%20tables.pdf
https://www.icao.int/sustainability/Documents/post%20covid%20forecasts%20scenarios%20tables.pdf
https://www.imf.org/en/Publications/WEO/weo-database/2021/October
https://www.imf.org/en/Publications/WEO/weo-database/2021/October
https://stats.oecd.org/BrandedView.aspx?oecd_bv_id=enestats-data-en&doi=data-00510-en
https://stats.oecd.org/BrandedView.aspx?oecd_bv_id=enestats-data-en&doi=data-00510-en
https://stats.oecd.org/BrandedView.aspx?oecd_bv_id=enestats-data-en&doi=data-00510-en
https://energypost.eu/the-outlook-for-powerfuels-in-aviation-shipping/
https://energypost.eu/the-outlook-for-powerfuels-in-aviation-shipping/
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA_Innovation_Outlook_Advanced_Liquid_Biofuels_2016.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA_Innovation_Outlook_Advanced_Liquid_Biofuels_2016.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA_Innovation_Outlook_Advanced_Liquid_Biofuels_2016.pdf
https://www.iea.org/data-and-statistics/charts/global-biofuel-production-in-2019-and-forecast-to-2025
https://www.iea.org/data-and-statistics/charts/global-biofuel-production-in-2019-and-forecast-to-2025
https://doi.org/10.1038/s41893-022-01046-9
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41893-022-01046-9

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author

self-archiving of the accepted manuscript version of this article is
solely governed by the terms of such publishing agreement and
applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2023

Nature Sustainability


http://www.nature.com/natsustain

nature researCh Corresponding author(s): g:enviilaj'rig:vigero

Last updated by author(s): 2022/11/30

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

=
Q
—+
C
=
(@)
=
(D
wn
Q)
Q
=
(@)
o
=
1)
o
[}
=
2
(@]
wn
c
3
3
Q
=
S

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX X XXX X XK
Jod o 0Oodoogd

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software was used for data collection.

Data analysis Data analysis was performed in Excel using a variation of the Kaya identity, as described in the Methods. For Figure 4 and Supplementary
Figure 7 we used R version 4.1.0 (2021-05-18) -- "Camp Pontanezen". The code is available in https://github.com/CandeBergero/Code-Fig4-
Net-zero-emissions-aviation

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Almost all data (except for aviation’s energy consumption) was compiled from open sources, and the references are mentioned in Supplementary Table 1. Historical
emissions are from IEA and CMP, while future emissions are calculated based on Equation 1. Historical demand is from ICAO, while freight demand is from the
World Bank and IATA. Future aviation demand follows assumptions with data from IMF, ICAO, and IEA. Historical energy intensity values were calculated based on
demand data and fuel consumption data from IEA. Future energy intensity estimates follow assumptions from Zheng et al., ICAO, and IEA. Historical carbon intensity
is calculated with data from Bosch et al., and carbon equivalent intensity is calculated based on Lee et al. Future carbon intensities are calculated based on




penetration of different SAFs and electric/hydrogen powered planes. All sources are in the manuscript. The open-source data is available in https://doi.org/10.5281/
zenodo.7187059

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[ ] Life sciences [ ] Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We use the parameters of the Kaya identity and create nine scenarios to 2050 to analyze potential emissions of the global aviation
sector based on demand for aviation, the energy intensity of the industry and the carbon intensity of the energy used. We use open
source data for historical periods, and project into the future based on assumptions described in the Methods.

Research sample No sample used. We analyze global aviation emissions.
Sampling strategy NA
Data collection Data was collected from different sources, as described in Supplementary Table 1 of the manuscript. Greer Gosnell, Steven J. Davis

and me, Candelaria Bergero, collected the data.
Timing and spatial scale Data collection started in 2021 and concluded around May 2022. We analyze the period 1990-2021, and project for 2022-2050.
Data exclusions NA

Reproducibility Data analysis was done in Excel, and the calculations behind each scenario are reproducible. Figure 4 and Supplementary Figure 7
were developed in R, and the coded is provided.

Randomization NA
Blinding NA

Did the study involve field work? || Yes X No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

MNXXNXNXKXX s
OOoOoogod

=)
Q
—r
C
=
™
=
(D
wn
D
Q
=
(@)
o
=
D
o
[}
=
=
2
«Q
wn
c
3
3
Q
=
<




	Pathways to net-zero emissions from aviation

	Demand for aviation

	Energy intensity of aviation

	Carbon intensity of energy for aviation

	Aviation emissions

	Sustainable aviation fuels

	Discussion

	Methods

	Scenarios

	Kaya Parameters

	Distance
	Energy intensity
	Carbon intensity

	Non-CO2 emissions

	Cost estimates

	Synthetic fuels
	FT biofuels
	HEFA biofuel

	Reporting summary


	Acknowledgements

	Fig. 1 Decomposition parameters and emissions trajectories.
	Fig. 2 Decomposition parameters for changes in emissions in GtCO2eq from 2021 to 2050.
	Fig. 3 Projected demand for SAFs.
	Fig. 4 Costs of near-commercial sustainable aviation fuels with and without CDR.




