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Aviation emissions are not on a trajectory consistent with Paris Climate
Agreement goals. We evaluate the extent to which fuel pathways—synthetic
fuels from biomass, synthetic fuels from green hydrogen and atmospheric
CO,, and the direct use of green liquid hydrogen—could lead aviation
towards net-zero climate impacts. Together with continued efficiency gains
and contrail avoidance, but without offsets, such an energy transition could
reduce lifecycle aviation CO, emissions by 89-94% compared with year-2019

levels, despite a 2-3-fold growth in demand by 2050. The aviation sector
could manage the associated cost increases, with ticket prices rising by no
more than 15% compared with a no-intervention baseline leading to demand
suppression of less than 14%. These pathways will require discounted
investments on the order of US$0.5-2.1trillion over a30 yr period. However,
our pathways reduce aviation CO,-equivalent emissions by only 46-69%;
more actionis required to mitigate non-CO, impacts.

Reducing climate impacts is particularly challenging for aviation, a
sector with high growth rates, long-lived assets, non-CO, impacts of
similar magnitude to those from CO,"?, and no commercially available,
scalable carbon-neutral technology.

Previous studies investigating aviation pathways towards zero CO,
and/or climateimpacts have highlighted the difficulty of meeting emis-
sions goals®, particularly when considering non-CO, climate impacts>.
Most mitigation scenarios project net positive aviation CO,in 2050°°%,
For studies looking at net zero within the aviation sector, substantial
scale-up in alternative fuel use (either drop-in fuels’ ™ or hydrogen'?)
and potentially demand-reducing measures™'* are widely identified
asnecessary conditions. Most studies investigating pathways towards
zero climate impacts explore limited regional scopes;>””" exclude
non-drop-in fuels, suchas hydrogen;**”°* do not examine transition
costs;** or do not quantify non-CO, impacts®”’ >, Moreover, none of
these studies considers additional measures to avoid non-CO,impacts,
suchas contrail avoidance. Here we evaluate hypothetical greenhouse
gas mitigation pathways, including drop-in and non-drop-in fuels
in addition to air transport efficiency improvements, and explore

non-CO, impact mitigation through operational changes. We con-
sider tank-to-wake (TTW) fuel combustion CO, and arange of non-CO,
TTW impacts (direct warming from black carbon; semi-direct sulfate
aerosol cooling; direct warming from stratospheric water vapour;
indirect warming from contrails; and indirect NOx impacts including
short-lived nitrate aerosol cooling, short-lived ozone warming, and
cooling from destruction of atmospheric methane (CH,) and reduction
oftropospheric ozone). For well-to-tank (WTT) emissions from the fuel
supply chain (including feedstock production or extraction, land use
change, feedstock conversion and transportation), we consider direct
warmingimpacts from CO,, CH, and nitrous oxide (N,0), and indirect
impacts from CH, (warming from tropospheric ozone, stratospheric
water vapour and additional CO,). In addition, we provide estimates of
the costs and demand impacts associated with this transition.

Mitigation measures

A net-zero emissions pathway requires anthropogenic sources of cli-
mate forcing emissions, including both direct emissions and the emis-
sions of the supporting energy system, to ultimately become equal
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Table 1| Characteristics of energy carriers suitable for commercial aviation

Jet-A Drop-in fuels Cryogenic fuels Electricity
Low-cost High-cost Power-to-liquids  Low-cost High-cost Liquid
biofuels? biofuels? SLNG® SLNG hydrogen
Feedstock Crude oil Waste and Cellulosic Hydrogen and Animalmanure, Hydrogenand Waterand Solar, wind
plantoils; FTL  biomass atmosph. CO,° municipal atmosph.CO, renewable
from MSW wastewater electricity
Fuel supply characteristics
Electricity -0 0.02 <0.01 21(1.9) 0.05 2.0(1.8) 1.8(1.5) 1.0
intensity in
2020 (2050),
kWh(el)/
kWh(fuel)®
Capital 0.01-0.03 0.03-0.13 0.13-0.20 1.0(0.3) 0.3 1.0(0.3) 1.3(0.4) 0.4 (0.07)
intensity,
million $/boe/d
in 2020 (2050)°
Production 6-22 (6-110) 150-230 180-290 380 (100/200) 10-230 390 (110) 440 60-150 (30-70)
costs in 2020 (130-210) (160-260) (110-230) (130/195)f
(2050), $/
bbl(JFE)
Fuel resource 24,000~ 0.3-20.5¢ 60-110¢ Unlimited 30¢ Unlimited Unlimited Unlimited
potential, EJ 98,000
Climate impactintensity, gCO,(eq) MJ™"
Upstream 14.3 -61.7to -36.1 -62.7t0o-51.0 -70.4 -104.7t0-45.8 -56.4 0.0 0.0
(WTT)
of which CO, 1.9 -65.9t0-48.0 -63.0t0-58.8 -70.4 -751t0-57.0 -56.4 0.0 0.0
of which 24 1.3-231 0.4-1.4 0.0 -29.6-11.2 0-13.9 0.0 0.0
non-CO,"
Combustion 104.0 941 941 941 95.5 95.5 35.1 0.0
(TTW)
of which CO, 73.2 70.4 70.4 70.4 56.4 56.4 0.0 0.0
of which 30.8 (9.4-54) 23.7 (6-47) 23.7 (6-47) 23.7 (6-47) 39.1(13-73) 39.1(13-73) 35.1(11-68) 0.0
non-CO,,
central value
(uncertainty)"
Lifecycle 118.3 32.4-58.0 31.4-431 23.7 -9.2-40.5 391 35.1 0.0
(WTT+TTW)
of which CO, 851 4.5-22.4 74-11.6 0.0° -18.7t0 -10.6 0.0 0.0 0.0
of which 33.2 25.0-46.8 24.1-35.1 0.0 9.5-50.3 39.1-53.0 35.1 0.0
non-CO,"
% of lifecycle 100 27-49 27-36 20 -8-34 33 30 (0]

Jet-A

*The biofuels production cost range is determined by feedstock and conversion pathways; lower end: HEFA fuels and waste; higher end: energy crops. "The cost range of low-cost SLNG is
determined by feedstock; lower end: agricultural residues; higher end: energy crops. °See Supplementary Section 1.3.“The electricity intensity captures external electricity input. Therefore, the
electricity intensity of refineries is around zero, as nearly all electric power is produced onsite. °Capital intensity is measured in million dollars of investments per barrel of oil equivalent (boe)
per day. Higher number: sensitivity case. In the case of PTL, consistent with DAC costs of US$280 per tonne CO, at hydrogen production costs of US$1 per kg. °Resource potential of low-cost
biofuels from ref. **. High-cost biofuels resource potential corresponds to the lower end and higher end in Table 7.34 (ref. *°), assuming a 50% biomass to fuel conversion efficiency. The low-cost
SLNG potential is based on ref. “°."The CO,eq values in this table were derived using GWP, .. The relative impact of CO, to non-CO, is sensitive to time horizon (Supplementary Sections 3.2 and
3.3). CO,eq emissions of renewable electricity are assumed to be zero. FTL from MSW, Fischer-Tropsch liquids from municipal solid waste; bbl(JFE), barrel of jet fuel equivalent.

to or less than their sinks'®. We disaggregate factors that affect avia-
tion’s climate forcing emissions using equation (1). These emissions
are driven by: aviation’s level of activity (in revenue tonne-km, RTK);
energy intensity (Energy/RTK); and CO,-equivalent emissions intensity
per unit energy, where CO,eq includes CO, and non-CO, impacts on
both WTT and TTW scopes. Offsets can be used as an instrument to
balance impacts from emissions which cannot be avoided.

Energy CO,eq
RTK Energy

Technology and policy solutions for each of these variables
can contribute towards reducing aviation’s emissions towards the
net-zero goal.

C0,eq = RTK @

— offsets

RTK: air transportation demand

The demand for air transportation depends mainly upon urban popula-
tions, associated per personincome, and airfares. We expect the world
to become wealthier (Supplementary Section 5) and larger shares of
the global population to gain access to air transportation. As such, in
the absence of atransition towards low-carbon energy carriers and/or
additional policy measures, we project demand for air transportation
(measured in RTK) to grow by 2.4-4.1% per year, corresponding toa
doublingor tripling of 2019 demand by 2050. Thisisin line with estab-
lished market forecasts””*?, We do not consider policies that directly
reduce air transportation demand (for example, French government
policy aiming at displacing short-haul flights with high-speed rail'*).
However, our integrated aviation systems model AIM2015 considers
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Table 2 | Scenario variables and outcomes in the reference scenarios and single-pathway abatement scenarios

Low demand

Middle demand High demand

Baseline (fossil

Single alternative

Baseline Single alternative Baseline (fossil Single alternative

Jet-A) fuel scenarios (fossil Jet-A) fuel scenarios Jet-A) fuel scenarios
RTK growth, %yr™ (2019-2050) 2.4 1.8-2.4° 3.7 31-3.7° 41 3.5-4.0°
Aviation direct energy use in 2050, EJ 177 15.0-17.6° 26.4 22.3-25.8° 29.4 24.9-28.6°
(compare to 13EJ in 2019)
of which EJ provided by alternative fuel N/A 7.9-17.2° N/A 12.9-25.6° N/A 14.9-28.5°
WTW CO, emissions in 2050, Mt (compare to 1,510 0-822° 2,240 0-1100° 2,490 0-11702
1,070 million tonnes in 2019)
Cumulative (2019-2050) WTW CO, emissions, ~ 40.1 24.9-35.3¢ 50.0 28.0-42.3¢ 53.4 29.5-44.7¢
Gt
Cumulative discounted climate costs, trillion 131 9.9-12.1° 15.9 11.7-14.3 16.9 12.3-15.1°
US$(2020) ™
Cumulative discounted (2019-2050) N/A 0.54-1.36" N/A 0.83-1.93" N/A 0.94-212"
alternative fuel supply investments, trillion
US$(2020)
Change over 2019 constant-price airfare in -4.0 2114 -2.3 -0.8-16' -1.3 0.4-17'

2050, % (per RPK)

Lower end PTL, higher end LH2. "Lower end biofuels, higher end LH2. °Lower end LH2, higher end PTL. “Lower end biofuels, higher end LH2. *Central values and 95% Cl: 13.1(3.2-32.9, baseline);
10.1(2.5-25.4, PTL); 9.9 (2.5-24.9, biofuel); 12.1 (3.0-30.4, hydrogen). For comparison purposes, climate costs are calculated using RCP2.4 and SSP2. ‘Central values and 95% Cl: 15.9 (4.0 - 40.1,
baseline); 12.2 (3.0-30.6, PTL); 11.7 (3.0-30.6, biofuel); 14.3 (3.6-36.1, hydrogen). °Central values and 95% Cl: 16.9 (4.2 - 42.6, baseline); 13.0 (3.3-32.7, PTL); 12.3 (3.1-30.8, biofuel); 15.1(3.8-38.0,
hydrogen). "Lower end biofuels, higher end PTL. Discount rate, 2%. 'Lower end LH2, higher end biofuels.

that cost-increasing technologies, such as synthetic fuels, will lead to
demand feedbacks'*.

Energy/RTK: energy intensity of the air transport system

The energy intensity of the air transportation system is driven by the
fuel efficiency of individual aircraft, operational efficiency (for exam-
ple, the air traffic management (ATM) system) and capacity utilization
of flights. When combining our projected energy intensity reductions
for new aircraft” with age distributions and retirement schedules of
the current fleet, average passenger load factor growth, ATM improve-
ments and market growth projections, system-level energy intensity
per RTK declines by 1.3% per year (around 33% total) between 2019
and 2050; in combination with adoubling or tripling of RTK demand,
aviation CO, emissions would increase by a factor of 1.3 to 2. Conse-
quently, energy efficiency improvements alone are unlikely to reach
eventhe carbon-neutral growth goal of the International Civil Aviation
Organization (ICAO)*.

C0,eq/energy: climate intensity of fuels

Currently, the aviation sector relies on fossil hydrocarbon Jet-A,
which generates 73 g of combustion CO, per M}, with an additional
14 g CO,eq per MJ (using global warming potential with a100 yr time
horizon (GWP,,,)) from CO,, CH, and N,O emissions arising from WTT
processes (oil extraction, refining, and crude oil and fuel logistics;
Table1)*. Alternative energy carriers, which partly or entirely mitigate
fuel GHG emissions, include ‘drop-in’ fuels usable in existing aircraft
and ‘non-drop-in’ fuels, for example, cryogenic fuels such as liquid
hydrogen (LH2) and electricity, which require novel fuel infrastructure
and aircraft designs (Table 1). Drop-in fuels are synthetic hydrocar-
bons produced from sequestered carbon atoms, for example, from
biomass (biofuels) or from the atmosphere (power-to-liquid fuels), so
thatdirect CO, emissions are offset over the fuellifecycle. Several other
non-drop-insolutions are omitted due to low energy density and high
toxicity (ammonia), low availability for aviation (low-cost syntheticliq-
uefied natural gas [SLNG]), dominance by drop-in pathways (high-cost
SLNG), or severely limited range and payload performance (all-electric
aircraft). The capital requirements, inputs, costs, resource potential
and lifecycle GHG emissions vary between the fuel pathways (Table1).

Several underlying key technologies (for example, CO, capture from
the atmosphere) are still under development. In such cases, Table 1
represents ambitious future states of the technology.

CO,eq/energy: climate intensity of TTW non-CO, emissions
Aviation’s CO, emissions footprint is exacerbated by WTT and TTW
non-CO,impacts fromonboard fuel combustion. While WTT non-CO,
emissions are accounted for in the previous section, jointly, soot, strato-
spheric water vapour, contrails and contrail-cirrus, oxides of nitrogen,
and sulfur TTW emissions contribute 30-67% to aviation’s total radia-
tive forcing impacts'2 The largest contribution, 41-57% of in-flight
climate impacts, has been attributed to contrail-cirrus'.

The different chemical compositions of alternative fuels lead to
differencesintheir non-CO, climateimpact. Using GWP,,,, we estimate
TTW non-CO, impacts of drop-in alternative fuels to be 23% lower
(range: 67% lower to 38% higher) than that of Jet-A (Table 1). This decline
is due to a 35% decrease in the contrail impact®?¢, partially counter-
acted by an assumed reduction in sulfur-related cooling. For LH2, we
estimate non-CO, impacts to be 14% higher per unit energy (range
52% lower to 120% higher) than from Jet-A, as aresult of: (1) a 2.6-fold
increase in warming from stratospheric water vapour emissions; (2)
elimination of sulfur-related cooling; and (3) a15% reduction in contrail
warming. Results for alternative GWP time horizons are presented in
Supplementary Section 3.3.

Contrails form in regions with ice-supersaturated atmospheric
conditions, which have large horizontal (up to 400 km) extent and a
small vertical height (typically less than 600 m)*”*®, and can thus be
avoided through cruise altitude adjustments. Studies suggest this
strategy to result in a small fuel burn penalty at the benefit of a large,
avoided contrailimpact®**~*, Using results from our meta-analysis of
contrail avoidance (Methods), we assume that 50% of contrail length
canbeavoided atal%increase in fuel burn (Extended Data Fig. 1).

Offsets

Instead of directly reducing their own emissions, airlines can purchase
certificates for CO, emissions reductions in other sectors or carbon
sequestration measures. Such an approach isimplemented as part
of ICAO’s Carbon Offsetting and Reduction Scheme for International
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Fig.1|Model outputs for single-fuel pathways in the middle-demand
scenario. a-i, RTK (a), average ticket price (b), fossil jet fuel use (c), alternative
fuel use (d), low-carbon electricity required for fuel production (e), number of
synfuel plants in operation (f), cumulative discounted synfuel plant investment
costs (g), combined WTW CO, emissions (h) and combined WTW CO, equivalent

GHG emissions including non-CO, effects on a GWP,, basis (i). Additional
panels showing non-CO, effects by GWP,,, GWPs,,, radiative forcing and global
mean surface temperature change are included in Supplementary Information.
Historical RTK and ticket revenue data are from ICAO*.. See Supplementary
Section 6 for other demand scenarios.

Aviation (CORSIA). However, offset schemes may not fully ensure that
emissions reductions would not have occurred otherwise, are perma-
nent, are not double-counted, and are verified*. For these reasons, we
do not consider offsetting in this study.

Results

Potentials and costs of single-fuel pathways

The path towards a net-zero aviation system requires a potentially
costly transition to low-carbon fuels. The most suitable fuels identified
arebiofuels, power-to-liquid fuels (PTL) and LH2. Their climate impact
mitigation potentialis limited by available supply, how fast production
can be ramped up, how ramp-up interacts with demand growth and,
for LH2 as anon-drop-in fuel, the rate of fleet turnover. To explore the
boundaries of mitigation from each candidate fuel, we first analyse
emissions reductions, fuel productioninfrastructure investment costs,
and market response over time if each fuel is individually regulated
into the market at maximum rates through mandates without supply
limitations (‘single-fuel pathways’).

The integrated aviation systems model AIM2015"% allows mod-
elling of these fuel pathways and a no-intervention baseline under
different demand scenarios, defined by socioeconomic development,
oil prices, technological change and other factors (derived from IPCC’s
Shared Socioeconomic Pathways [SSP] scenarios adjusted for the
impact of the COVID-19 pandemic'®). Due to their cost-effectiveness,
future conventional aircraft generations are adopted without addi-
tional policy intervention. For the hydrogen pathway, LH2 aircraftare

mandated into the fleet from 2035 onwards following AIM2015’s fleet
turnover model. For drop-in fuels, mandates reaching 100% in 2050
areassumed. These runs build upon the World Economic Forum ambi-
tion of 10% biofuel share (around 1.5 x 10*¥J [1.5 EJ]) in 2030 and imply
drop-in fuel supply of nearly 26 EJ in 2050*. However, it is unclear to
what extent the associated biomass of -52 EJ yr* would be available for
aviation use®* (Methods and Supplementary Section 1).

In the baseline scenarios, aviation direct energy use is projected
to increase from 13 EJ in 2019 to 18-29 EJ in 2050, depending on the
demand scenario (Table 2). Associated lifecycle (‘well-to-wake’, WTW)
CO,emissionsincrease from1.1to1.5-2.5 Gt. Mitigating these CO, emis-
sions requires discounted investments from US$0.5 trillion to US$2.1
trillion, depending on the pathway. Airfaresincrease by no more than
17% from year-2019 values and demand growth slows by no more than
0.6 percentage points per year.

Following the single-fuel pathways, only PTL could reduce aviation
lifecycle CO, emissions to zero as shown for the middle-demand sce-
narioinFig.1(additional metricsin Extended DataFig. 2, high-demand
scenarioin Extended DataFig. 3, low-demand scenarioin Extended Data
Fig.4). Despite the unconstrained 2050 energy supply, the single-LH2
pathway cannot achieve full market share due to fleet turnover con-
straints (Fig.1c,d). Biofuels could be adopted at large scale earlier than
PTL and LH2 since production capacity is already being ramped up
today. By 2050, under the assumptions of this study, the biofuel path-
way would release around 220 million tonnes of CO, due to remaining
fuel production WTT CO, emissions (Fig. 1h). In addition, substantial
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a,b, Reductionin CO,eq (GWP,,,) emissions by type of mitigation strategy:
biofuels + PTL pathway (a); biofuels + hydrogen pathway (b). c,d, Cumulative
discounted plantinvestment costs: biofuels + PTL pathway (c); biofuels +
hydrogen pathway (d). The contribution of each source to emissions reductions
isapproximate, as there isinterdependency between mitigation measures. E/RTK
(existing designs) includes changes in CO,eq from aircraft designs with pre-2025
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entry into service. E/RTK (LF, ops. and ATM) includes the impact of changes in
load factor, operational mitigation measures (for example, reduced taxi time)
and changes in CO,eq from network change over time (for example, longer
average flight length). RTK reduction results from higher airfares induced by
the energy transition. Non-CO, impacts include contrail avoidance and non-CO,
impacts of alternative fuel use. A CO,-only version of this figure, metrics for
high-and low-demand scenario runs, and results including GWP,, and GWPs,,
radiative forcing and temperature change are in Supplementary Section 6.

non-CO, impacts remain for all single-fuel pathways because alterna-
tive fuels still cause non-CO, impacts (Table 1), and no action to avoid
contrailsisincluded.

Owing to the comparatively high electricity intensity of PTL and
LH2 (Table 1), power generation accounts for 59% and 64%, respec-
tively, of the investment required in each pathway. By 2050, around
11,000 TWh and 6,700 TWh of electric power would be needed for
PTL and LH2, respectively (Fig. 1e), equivalent to 41% and 25% of year-
2020 world electricity generation®. For the biofuel pathway, almost
6,000 fuel production plants would have to be built globally over the
study period.

For each single-fuel pathway, air transportation continues to
grow but at a lower rate compared with the reference development
(Fig. 1a) due to higher operating costs raising airfares (Fig. 1b). The
ramp-up of PTL production coincides with the cost of PTL declining
sharply under aggressive assumptions for cost reductionsin direct air
capture, renewable electricity and electrolysis. To assess the sensitivity
of outcomes, we also simulated the middle-demand scenario with 50%
higher projected LH2 costs and twice the projected PTL costs in 2050
(Table1andref.'®). Compared with the projected 2-6% increase in the
average 2050 airfare over year-2019 values, the higher fuel costs result
inan8and16%ticket price rise for the LH2 and PTL case, respectively,
anda7-18%reductioninyear-2050 RTK over baseline values (Extended
DataFig.5).

Potentials and costs of combined pathways
PTL and LH2 pathways have limited scale-up potential before the
2030 s, whereas biofuels are likely to experience long-term supply

constraints. Therefore, we define combined pathways, whichinclude
supply-constrained biofuels in combination with either LH2 or PTL.
Furthermore, to address non-CO, impacts, the combined pathways
consider contrail avoidance (Methods).

Cost-effectivereductionsinair transport system energy intensity
reduce middle-demand scenario year-2050 WTW CO,eq emissions
from4,900t0 3,600 Mt, addressing around 26% of the potential CO,eq
emissions in 2050 (Fig. 2a,b). Over 40% of CO,eq emissions reduc-
tions result from low-carbon fuels, whereas demand effects, from
higher airfares, lead to an additional decline of up to 10%. Altogether,
the combined pathways can reduce year-2050 WTW CO, emissions
by around 95% relative to baseline runs that include aircraft energy
intensity improvements only, and by over 89% relative to 2019 levels.
These reductions are enabled by year-2050 biofuel use of 6.6 EJ (bio-
fuel + PTL pathway) and 11.2 EJ (biofuel + LH2 pathway); year-2050
PTL and LH2 use is 17.9 and 11.5 EJ, respectively. However, year-2050
non-CO, impacts are around 10% higher than those in 2019 because
only 60% of the cumulative non-CO, impacts compared to baseline runs
can be addressed. This reflects that contrail avoidance is assumed to
reduce contrail radiative forcing by only 50%, with additional benefits
available from fuel composition changes. Other non-CO,impacts, for
example from water vapour emissions, remain unaddressed (Extended
DataFigs.6and 7).

The required discounted investments associated with the avia-
tion energy transition are around US$1.7 trillion over the 30 yr study
period (12% lower thanin the corresponding single-fuel PTL pathway),
of whicharound 45% is associated with renewable power generation. In
the context of abroader transition of anet-zero global energy system,
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middle-demand scenario non-discounted investments are around 2.2%
of those required in the global energy and industrial system™.
Aircraft operating costs increase at most by 10-16% relative to
the baseline Jet-A scenario over the study period. These increases are
relatively small because alternative fuel costs decrease and aircraft
energy efficiency increases over time, mitigating the cost increase
associated with higher levels of alternative fuel mandate in later years.
Almost the entire cost increase is passed on through ticket prices,
leading to 0.3-0.4% per year lower average RTK growth rates for the
middle-demand scenario (Extended Data Figs. 8-10).

Discussion

Anenergy transition towards synthetic low-carbon fuelsis anecessary
condition for the aviation sector to achieve the net-zero goal. Improve-
mentsinair transport fuel efficiency, driven largely by market forces,
canaddress about a quarter of the projected 2050 lifecycle WTW CO,eq
emissions. These cost-effective reductions will also be an important
enabler forthe needed energy transition since they reduce investment
requirements for fuel production, limit the need for higher-cost fuels,
and thus mitigate increases in airline operating costs and airfares.

Low-carbon alternative fuels can reduce 2050 lifecycle CO,eq
emissions by an additional 40% and, in combination with reduced air
transport demand due to the higher costs of these fuels, bring avia-
tion 2050 CO, emissions close to zero. This requires LH2 and PTL fuels
with zero lifecycle CO,eq emissions, thatis, the embedded emissions
of power generation should be zero (Supplementary Information).
Drop-inbiofuels could play a critical role inthe fuel transition over the
coming decade, given their near-term availability. However, as biofuel
production is scaled up over time, constrained biomass availability
could limit production volumes and increase costs (Supplementary
Section1). Thus, biofuels could be supplemented by a second wave of
fuelsthat use renewable electricity asamajor feedstock, thatis, LH2 and
drop-inPTL.PTL could fully displace other fuel sources by 2050; due to
fleet turnover limitations, 100% use of LH2 is unlikely before 2080. The
choice of either PTL or LH2 will depend on the cost of atmospheric CO,
capture and syngas-to-fuel conversion, the upfront cost and practica-
bility of hydrogen aircraft and fuel infrastructure, and potentially these
fuels’ non-CO, impacts. The extent and timing of the introduction of
PTLand LH2 over biofuels depend on their cost relative to biofuels and
technology readiness. Our analysis relies on optimistic assumptions
from the literature; later technology readiness or higher costs could
delay or reduce the scale of PTL or LH2 adoption.

The non-CO, effects are harder to abate and still have substan-
tialimpact in 2050. Contrail avoidance partly addresses the non-CO,
impact of aviation by reducing contrail impacts—perhaps conserva-
tively estimated—by 50% for a 1% fuel burn penalty or 0.2% increase
in aircraft direct operating cost. However, the reduction in non-CO,
emissions is incomplete. Further research is needed to address the
remaining gap, along with other impacts currently not considered
in this analysis (for example, climate impacts of hydrogen leakage™).

Thescale of the energy transition, requiring 1,000 GW-scale LH2
plants or 5,000-6,000 MW-scale-biofuel plants in 2050, as well as
build-up of power generation infrastructure, requires investments of
the order of US$1-2 trillion (discounted to 2019). Without policy inter-
vention, there does not seem to be a business case, as the alternative
fuels are not projected to reach cost parity with fossil Jet-A. Large-scale,
long-term and globally coordinated political incentives are needed to
drive this transition.

Atthe sametime, our models of market feedbacks suggest that the
aviation sector could be able to fully cover the cost of the transition.
The projected airfare increases associated with the transitions in the
combined pathways are limited to 10-15% compared with a baseline
without energy transition, with increasing fuel costs partly offset by
energy efficiency improvements. As such, the air transport sector
could continue to grow through this transition, thereby enabling larger

shares of the global population to use and benefit from air transporta-
tion. However, in light of low airline profitability, less profitable carri-
ers could be forced to exit markets. Our model cannot capture such
changes to sector structure.

Our analysis shows that the aviation sector could move towards
azero-impact CO,systemif predictable, long-termincentives are cre-
ated. Such measures do not require shifting the cost of the transition
away from the aviation sector but can be absorbed by airlines and
customers. However, the required technologies (that s, biofuels, PTL,
LH2 aircraft and contrail avoidance) to achieve these goals still require
development and scale-up. Additional measures, such as encourag-
ing mode shifts, as well as measures to reduce non-CO, impacts, may
furtherimprove the viability of the transition. For the aviation sector
to contribute substantially towards the goals of the Paris Agreement
by mid-century, the transition needs to start now.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information, details of author contri-
butions and competinginterests, and statements of data and code avail-
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Methods

We assess technology adoption scenarios towards a net-zero avia-
tion sector through a system-level approach. The model builds on
combining (1) the global aviation integrated model (AIM) to model
future market development, demand feedbacks and technology
adoption in a consistent framework; (2) the reduced-order climate
model Aviation environmental Portfolio Management Tool - Impacts
Climate (APMT-IC) to capture CO, and non-CO, impacts of aviation
emissions under current and future scenarios; (3) detailed assessments
of techno-economic characteristics and lifecycle GHG emissions of
alternative fuel pathways; (4) ameta-study for assessing the opportuni-
ties and costs of contrail avoidance through flight route adjustments;
and (5) adetailed scenario approach.

AIM
AlMis an open-source global aviation systems model simulating future
passenger and freight demand for trips between 878 city regions world-
wide (1,169 airports; 40,264 distinct flight segments); airline fleets
and operations; operating costs and impact on itinerary-level ticket
prices, freight rates and technology choices; airport schedules and
delay; emissions outcomesincluding CO,, NOx and particulate matter
(PM); and how outcomes change in the presence of different policies
or new technologies. AIM2015 and its component modules have been
widely used for policy assessment, including for the European Com-
missions (EC)*” and UK Department for Transport (DfT)*. Details of
model structure, methodology and validation are given in refs. *°,
AIM2015 allows us to capture second-order impacts of energy
transition-related policies. For example, AIM2015’s cost model includes
a detailed flight segment-level model of fuel and non-fuel operating
costs by aircraft and route type®. If a technology with higher operating
costs is used on that segment, the model projects impacts on itinerary
ticket prices and freight rates, and subsequentimpacts ondemand and
required amounts of fuel. For this study, global fuel blending mandates,
beginningin2025andrising to100%in 2050, were simulated and, inthe
case of hydrogen aircraft, a mandatory hydrogen requirement for new
purchases was simulated (phasedinover 5 yr from hydrogen aircraft first
entryinto service). A net present value (NPV) model was used to assess
uptake of other new aircraft technologies and technology-fuel combina-
tions within those consistent with mandate requirements. For drop-in
fuels,adoption was based onthe lowest cost to airlines once any mandate
requirements, carbon, NOx or contrail-related costs were factored in,
with other fuels additionally used where supply or blending limits pre-
ventsatisfaction of demand. These models are further describedinref.*,
including assumptions about airline costs and performance modelling.
The characteristics of future generations of conventional aircraft
and operational emissions mitigation measures or retrofits to existing
aircraft were taken from refs. >, For electric aircraft, performance
characteristics, including range limitations, were taken from ref. ** for
single-aisle aircraft and ref. * for regional jets. Operating cost charac-
teristics were derived fromref. *. For this study, LH2 aircraft were added
tothemodel. Literature LH2 aircraft performance characteristicsrange
from moretoless energy-efficient than conventional designs (for exam-
ple, refs. %), depending mainly on assumptions about tank design.
In addition, considerable uncertainty exists about hydrogen aircraft
capital and maintenance costs. For simplicity, we assumed energy
intensity and non-fuel operating costs of LH2 aircraft equal those of
conventional aircraft of acomparable generation and size, that is, that
the operating cost difference between conventional and hydrogen
aircraftis dominated by fuel costs. We assumed hydrogen combustion
rather than fuel cell-powered propulsion, as the extra weight of fuel
cells reduces their feasibility for mid- and long-haul flights*¢. A detailed
fuels module was also developed for this study to simulate alternative
fuel costs and characteristics over time. The assumptions used in this
module are documented separately below (‘Fuel modelling’). Model
scenario-related inputs are discussed in ‘Scenario modelling’ below.

Climate impact modelling

We model the climateimpacts of aviation emissions using the APMT-IC
asdescribed inrefs."*’, APMT-IC probabilistically evaluates the physi-
cal climate impacts from global aviation emissions and estimates the
associated monetary damages. Our use of this model is twofold. First,
we used it to derive global warming potentials (GWP) for each of the
precursor emissions (Supplementary Section 3.2). These GWP values
were used convert non-CO, emissions to CO,eq emissions. Second,
we used it to calculate radiative forcing and atmospheric surface tem-
perature change response for each of the future emissions pathways
generated by AIM.

The implementation of APMT-IC used here is described in
refs.'*. The model has been updated to capture recent researchresults
on (1) the contrail-cirrus forcing and subsequent expected atmospheric
temperature response to this forcing;>*° (2) the NOx-related methane
forcing; (3) the cost of global warming; and (4) updates to account for
non-CO, impacts of drop-in alternative fuels, LNG and LH2.

Following ref. 2, we updated the contrail-cirrus radiative forcing
(RF) in APMT-IC to explicitly separate the estimation of RF and effec-
tive RF (ERF, the change in energy forcing after certain short-term
climate feedbacks have occurred). For RF, we applied atriangular uncer-
tainty distribution with a minimum value 0of 20.9 mW m, mid-value of
69.78 mW m~2and upper bound of 118.62 mW m™ for distance flown
in 2006°**, We also aligned with the ERF/RF adjustment from ref. >
and applied a triangular uncertainty distribution with a mid-value of
0.417, minimum value of 0.31 and maximum value of 0.59°%°>°¢, This
adjustment allowed us to capture the expected temperature change
associated with the updated contrail-cirrus RF.

We note that some unquantified uncertainties are not capturedin
thisapproach. First, while this ERF/RF adjustment captures the differ-
ence in temperature change from short-term RF, this ERF/RF may not
necessarily provide an accurate measure of long-term temperature
response’>”’. Second, the adjustment factors from refs. *>*° represent
long-term climate feedbacks for linear contrails only, derived using
contrail formation more than 50 times the expected contrail coverage
in2050. This upscaling may cause saturation of feedback effects such
as cloud formation®*°, After these adjustments, we found a 33% net
reduction in temperature change associated with contrail-cirrus per
distance flown as compared with ref. *. Additionally, we normalized
contrail impacts by the Aviation Environmental Design Tool (AEDT)
distance for flightsin 2006 as reported in ref. 2,

The second update aligns the NOx-related methane forcing with
more recent literature on the radiative interaction of methane. Fol-
lowing the method of ref.?, we increased the forcing of NOx-related
methane forcing by 14%. This accounts for additional short-wave RF
previously notaccounted for inthe methane radiative transfer function
calculations®’. Except for contrails, ERF/RF adjustment factors from ref.
2were not included for in-flight emissions. These factors remain highly
uncertain, and remainaresearch need for in-flight aviation emissions’®.

The third update aligns estimated costs of global warming with
more recent literature values. Previously, APMT-IC used the dam-
age function from the Dynamic Integrated Climate-Economy (DICE)
model®’, whichis consistent with the social cost of carbon as proposed
by the US Interagency Working Group on Social Cost of Carbon®. This
damage function was based on a meta-analysis of 17 studies quantify-
ing market and non-market damages®. Recent reports indicate that
traditional integrated assessment models, including DICE, lag recent
research on climate damages®*®. In this study, we applied the damage
function from ref. °, as described in ref. *’. This damage function is
based onameta-analysis of alarger number of damage estimates from
the literature and explicitly treats dependencies between different
underlying studies to avoid overrepresentation of results from specific
studies. This change leads to asocial cost of carbon of US$246 (USD )
pertonne CO, (90% confidenceinterval 61.4 to 624) for RCP2.6 and SSP2
background scenarios and a 2% discount rate. For a 3% discount rate,
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RCP4.5and SSP1, the social cost of carbon in 2020 is US$158 (USD,0,)
per tonne CO, (90% confidence interval 46.4 to 352). While this repre-
sents a ~2.8-fold increase above the previous APMT-IC social cost of
carbon, these values are in line with recent literature on global social
cost of carbon estimates of US$80-805°°,

Finally, due to changes in the non-CO, emissions footprint of
LH2, LNG and drop-in fuels, the subsequent climate impacts are also
expected to differ’®”. For each fuel considered, we derived adjustment
factors by emission species on the basis of a literature survey. These
factors capture changesin RF per unit fuel energy for each fuel relative
to conventional Jet-A. Asummary of adjustment factors is provided in
Supplementary Section 3.

Alternative fuel pathways
The following fuel and fuel production pathways were considered in
this analysis:

» LH2: we considered liquid hydrogen produced via water elec-
trolysis and subsequent liquefaction, both powered by renewable
electricity. The electrolysis of water is modelled on the basis of the
proton-exchange membrane technology and follows the varying
load of renewable electricity. The produced hydrogen gas is stored
ina compressed-gas tank to enable continuous operation down-
stream. Liquefaction of hydrogenis performed at continuousload
and the liquid productis stored for further use.

» PTL: we considered power-to-liquids based on hydrogen from
water electrolysis and CO, from direct air capture. Hydrogen is
producedatvaryingloads from proton-exchange membrane water
electrolysis and stored in acompressed-gas tank. CO, is continu-
ously extracted from the atmosphere via physical adsorption in
adirect air capture process (DAC). CO, and H, are continuously
converted to syngas (H, + CO) via the reverse water gas shift pro-
cess (RWGS). The syngas is converted into hydrocarbons via the
Fischer-Tropsch process, where the gaseous fraction is cycled
back to the RWGS reaction to be turnedinto syngas. Theresulting
synthetic crude is converted into jet fuel and by-products using
refining process steps.

+ Biofuels: we considered biofuels produced from dedicated bio-
mass and waste streams including the following pathways: HEFA
(hydrogenated esters and fatty acids) process using dedicated
vegetable oil crops (for example, soybean, rapeseed, jatropha,
palm oil) and FOGs (fats, oils, and greases; specifically used cook-
ing oil and tallow), advanced fermentation of sugar crops, and
Fischer-Tropsch synthesis of municipal solid waste and ligno-
cellulosic material (forestry residues, agricultural residues, and
dedicated feedstock such as switchgrass and miscanthus).

 Synthetic natural gas: hydrogenis produced via water electrolysis
using renewable electricity; CO,is captured from the atmosphere
via low-temperature pressure-swing adsorption. Natural gas is
then synthesized from H, and CO, via the Sabatier process, and
the methane is subsequently liquefied for aviation use. Another
pathway to synthetic natural gas is via anaerobic digestion of
biomass to produce biogas, whichis then cleaned and liquefied.

The availability of fuels produced from electricity, water and CO,
(PTL,SLNG)isinprinciple unlimited as the feedstock potentials can be
leveraged at practically any scale. However, the specific availability at
apointintime depends on the rate at which production capacity can
beramped up and the policy priority given to aviation for using scarce
input factors suchas electricity or biomass. We assumed that the main
constrainton LH2 ramp-upis fleet penetration of LH2 aircraft; for PTL
and biofuels, maximum ramp-up rates were set using acombination of
near-term literature estimates of supply and longer-term estimates of
aviation fuel demand (Supplementary Section 1). For single-fuel path-
ways, biomass availability was modelled after the F1-A1-S2 scenario of

ref.**, assuming full availability of the fuels for aviation such that biofuel
potential is essentially unlimited (over twice the expected demand
of less than 30 EJ yr'in 2050). These assumptions were used as the
fundamental availability for these pathways, while the specific use of
fuels was then determined with the AIM model, taking into account
demand effects, mandate levels, scale-up behaviour and prices. For the
combined-pathway model runs, a more constrained biomass supply
was assumed, rising to a maximum of 21.7 EJ in 2050, based on ref. *
(Supplementary Section1).

Production costs. We determined alternative fuel pathway costs
(except for biofuel pathways) with the levelized cost of energy
approach. To thisend, we determined the investment costs of the facili-
ties on the basis of energy and mass balances, and component cost esti-
mates from the literature. We assumed improvements of component
efficiencies and energy demandsin line with recent publications. The
levelized costs of intermittent renewable electricity was assumed to
be US$0.04 kWh™ today at a capacity factor of 30% and US$0.02 kWh™!
at50%in 2050, where these estimates are based on amix of solar pho-
tovoltaics and onshore wind technologies. Additionally, we included
energy storage for parts of the facilities that must run continuously and
thus used a levelised cost of electricity of US$0.10 kWh™ (year 2020)
and US$0.05 kWh™ (year 2050) for renewable electricity that is avail-
able around the clock. The costs were annualized assuming a lifetime
of 20 yr and a discount rate of 10%. The minimum selling price of the
different biofuel pathways was based ona discounted cash flow rate of
return analysis as shown in ref. 2.

GHG emissions. Thelifecycle emissions of electricity from solar photo-
voltaics and wind are assumed to be zero (see Supplementary Section 1
for estimate on embedded emissions). While currently there are still
embedded emissionsin the production of photovoltaics modules and
wind turbines, these are expected to approach zero with the decar-
bonization of the economy. For GHG emissions of biofuels, we used
literature values from ref. ** for the different pathways in our study.
The authors indicated values for today and for 2050, and we used
linear interpolation to get values in between. We neglected embed-
ded emissions of all infrastructure for the fuel pathways due to the
expected small impact (see Supplementary Section 1 for estimates).
We used literature information on different biofuel pathways to break
outdifferent species (CO,, CH,,N,O) indirect emissions of greenhouse
gases®>”>, The climate impacts of hydrogen leakage (either from PTL
or LH2 production) were notincluded here and remain highly uncertain
due to uncertainties in leakage rates and climate impacts®®’°. Other
non-CO,impacts onthe atmosphere are discussed in ‘Climate impact
modelling” above, ‘Contrail avoidance modelling’ below, and in Sup-
plementary Section 3.

Contrail avoidance modelling

Reaching net-zero climate impacts from aviation will require avoid-
ing contrail formation. One strategy of contrail avoidance relies on
small-scale altitude adjustments to avoid flying through atmospheric
locations where contrails can form (refs. >>*°”), These diversions lead
to a small fuel burn penalty (typically less than 5% of fleet-wide fuel
consumption) compared with a counterfactual case with fuel-optimal
operations. In addition, only 2% of flights have been found to be
responsible for 80% of contrail forcing in some regions; hence, less
than 2% of flights would have to be diverted to avoid contrail warm-
ing impacts™.

Contrail avoidance was modelled using results from our contrail
avoidance meta-analysis based on a literature review of five different
studies®’’" % (ExtendedData Fig. 1 and Supplementary Section 2).
Using these studies, we estimated the relationship between contrail
avoidance and fleet-wide fuel burn penalty as shown in equation (2),
where f(x) represents the fractionincrease in fuel burn for the x fraction
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contrail length avoided and C,, C, and C, represent the shape param-
etersto be estimated.

G

f00=Co-1+ 2 ) @

C—-x

Performing this curve fit yields coefficients of C, = 0.011, C; = 1.161
and C,=0.906. Theresulting route meansquare error (RMSE) is 0.0891,
leading to anormalized RMSE of 11%, where this normalizationis taken
to the maximum fuel burn fraction increase. The central estimate of
the curve fit indicates that 50% of fleet-wide contrail length can be
avoidedfora 0.88% fleet-wide fuel burn penalty (5thto 95th percentile
range O to 2.51). Thereafter, avoiding subsequent contrails becomes
more fuel costly, with an additional 20% avoidance requiring double
the additional fuel.

Using this meta-analysis, a single mid-range contrail avoidance
scenario was selected for our combined technology pathways in which
50% fleet-wide contrail avoidance could be achieved at a1% fleet-wide
fuel burn penalty. This represents a higher fuel burn penalty than the
central estimate of the meta-analysis, to account for the range in esti-
mates in the literature. The 50% length avoidance is lower compared
with other studies, which calculate maximum contrail impact avoid-
ance of 70-80%. However, this mid-range value of 50% was selected
since highrates of avoidance would cause increased strain on airspace
andair traffic control**, and maximum rates of contrail avoidance might
be difficult to achieve with current weather prediction data*. This
contrail avoidance trade-off probably differs for alternative energy
carriers such as hydrogen, but data on these differences remain una-
vailable. Therefore, we applied the same results from equation (2) for
alternative fuels (Supplementary Section 2).

Scenario approach

Theglobal potential of technologies and fuels to reduce aviation emis-
sions is limited by supply, ramp-up rate and fleet turnover. These fac-
tors interact with demand growth. As such, we examined outcomes
across three demand scenarios, as described below. For each demand
scenario, we ran: baseline model runs (with operational and efficiency
improvements, but no energy transition or additional aviation policy);
single-fuel pathways (model runs with operational and efficiency
improvements and energy transition to a single alternative fuel (bio-
fuels, PTL and hydrogen) only); and, based on the outcomes of the
single-technology scenarios, combined pathways (model runs with
operational and efficiency improvements, contrail avoidance and
biofuels as a bridging fuel to PTL or hydrogen).

Uncertain AIM scenario inputs include future population, GDP
per capita, oil prices, and whether the relationship between demand
growth and income growth will change as aviation systems mature.
The development of scenarios for input assumptions that take the
COVID-19 pandemicinto accountis described inref.”. Baseline popula-
tion and GDP per capita growth rates were derived from the IPCC SSP
scenarios®, adjusted for COVID-19 pandemic GDP per capitaimpacts
(ref. %), and impacts of movement restrictions on demand and load
factors (refs. *5*). The scenarios used in this paper (summarized in
Supplementary Section 5) are: a high-growth scenario based on IPCC
SSP1socioeconomicfactors, leading to aviation demand growth com-
parable to recent historical trends; a central scenario based on IPCC
SSP2 socioeconomic factors, leading to demand growth similar to
industry projections; and a low-growth scenario based on IPCC SSP3
socioeconomic factors, leading to post-pandemic demand growth
which is lower than historical trends. The low-demand scenario
included demand growth decoupling from economic growth, at the
levelused inref.®, Thisassumes agradual trend towards income elas-
ticities of nomore than 0.6 overa70 yr period. For reference cases, we
used IEA Sustainable Development Scenario oil price projections®,
which are consistent with a level of policy ambition which falls short

ofnet-zero CO,in2050. Because seeking to achieve net-zero CO, emis-
sions in aviation implies a high level of climate ambition in other sec-
tors, we used lower oil prices post-2040 in scenarios where there is
large-scale use of alternative technology in aviation (transitioning
fromthe SDS trajectory to the [IEA Net Zero Emissions by 2050 Scenario
(NZE) projections®; Supplementary Fig. 2). Future technology costs and
capabilities are also uncertain. For this paper, the key sensitivity is to
fuel costs and we addressed this using alternative fuel cost projections,
as discussed in the main paper.

Data availability
The datasets generated during the current study are available from the
corresponding authors onreasonable request.

Code availability

A version of the open-source code of the Aviation Integrated Model
AIM2015, adjusted to remove confidential data, underlying this study
canbe downloaded at http://www.atslab.org/data-tools/
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Extended Data Fig. 2| Middle demand scenario projections of aviation system characteristics with individual technology pathways.
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Extended Data Fig. 3 | High demand scenario projections of aviation system characteristics with individual technology pathways.
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Extended DataFig. 4 | Low demand scenario projections of aviation system characteristics with individual technology pathways.
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Extended Data Fig. 5| Middle demand scenario projections of aviation system characteristics with individual technology pathways and fuel mandates, high
LH2 and PTL cost sensitivity case.
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Extended Data Fig. 8 | Middle demand scenario projections of aviation system characteristics with biofuel-only and biofuel as a bridging fuel to PTL and LH2.

Nature Climate Change



Analysis https://doi.org/10.1038/s41558-022-01485-4

e Historical data - Biofuel + hydrogen pathway
Biofuel + PTL pathway ~—Biofuel only pathway

BT IATA, 2020 (base) 800 4 ® FTK — 0.20 | (© Ticket price _ 30 1) Fossil kerosene use
30 1 o IATA, 2020 (range) - - Freighters | 25
25 | © Airbus, 2021 3 g
S x Boeing, 2021 = 600 a §0.15 3 50
£ 207 (a) RPK % £ % %
= a = i
< 15 ] < 400 52010 g1
o = e ¥ 9]
& 10 . 2a < 101
200 F % 0.05 1 @
5 N LIO_ 5 .
0 0 0.00 0
30 1 — siofuel 30 { (f) Hydrogen use 14000 In electric aircraft 7000 4 (h) Number of plants
- - = PTL = In fuel production o0
% 25 T ) Drop_in SAF i §120007()Id' t electricit 2 56000
5 e) Drop-in use g) Indirect electricity use TS
% 20| g 20 10000 1 £ 5000 1
w E 3 8000 - S 2 4000 A
& 151 § 151 > 53
£ S S 60007 5 83000 A
é— 10 1 % 10 1 g 4000 4 E%ZOOO,
S 5 51 " 2000 4 Z 21000 |
0 0 0 0 T T T
2.0 - (i) Plant investment costs ()) WTW CO, (k) Contrail RF 2000 2020 2040
g s 301 Year
2. g 2000 -
388151 S w225 020 [0 RF
253 S 1500 1 XS0
3294 ) =< & 0.15
gegc 104 g £%15 £
£25 £ 10007 9 Z 0.10 1
SS % T © 810 w
E 20 054 = i = ¥ 0.05
S o o 500
o = 0.5 1 0.00
2 00 8 o g o0
% 5000 - (m) WTW COeq (GWPsp) % 5000 () WTW CO,eq (GWP1q0) % 5000  (0) WTW CO,eq (GWPs5q0) 0.10 q (p) Temperature change
e ©) o
= i ot 4 = 1 0.08
; 4000 = 4000 g 4000
o = <
2 30001 € 3000 8 3000 - O 0.06
st 8 8 =
o 2000 o 2000 o 2000 0.04
g E 3
T 1000 £ 1000 I 1000 /\/\ 0.02
z T <
o 0 T T T 3 0 T T T 3 0 T T T T 0.00 T T
= 2000 2020 2040 = 2000 2020 2040 = 2000 2020 2040 2050 2150 2250
Year Year Year Year

Extended Data Fig. 9| High demand scenario projections of aviation system characteristics with biofuel-only and biofuel as a bridging fuel to PTL and LH2.
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Extended Data Fig. 10 | Low demand scenario projections of aviation system characteristics with biofuel-only and biofuel as abridging fuel to PTL and LH2.
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