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Abstract: Aviation emissions are not on a trajectory consistent with Paris Climate Agreement 16 

goals.1,2 We evaluate the extent to which fuel pathways could lead aviation towards net-zero 17 

climate impacts: synthetic fuels from biomass, synthetic fuels from green hydrogen and 18 

atmospheric CO2, and the direct use of green liquid hydrogen. Together with continued 19 

efficiency gains and contrail avoidance, but without offsets, such an energy transition could 20 

reduce lifecycle aviation CO2 emissions by 89-94% compared to year-2019 levels, despite a 2-3-21 

fold growth in demand by 2050. The aviation sector could manage the associated cost increases, 22 

with ticket prices rising by no more than 15% compared to a no intervention baseline leading to 23 
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demand suppression less than 14%. These pathways will require discounted investments on the 24 

order of $0.5-2.1 trillion over a 30-year period. However, our pathways reduce aviation CO2-25 

equivalent emissions by 46-69% only; more action is required to mitigate non-CO2 impacts. 26 

  27 

 28 
Main 29 

Reducing climate impacts is particularly challenging for aviation, a sector with high 30 

growth rates, long-lived assets, non-CO2 impacts of similar magnitude to those from CO23,4, and 31 

no commercially-available, scalable carbon-neutral technology.  32 

Previous studies investigating aviation pathways towards zero CO2 and/or climate 33 

impacts have highlighted the difficulty of meeting emissions goals2,5,6, particularly when 34 

considering non-CO2 climate impacts.2 Most mitigation scenarios project net positive aviation 35 

CO2 in 2050.7–9  For studies looking at net zero within the aviation sector, significant scale-up in 36 

alternative fuel use (either drop-in fuels10–12 or hydrogen13), and potentially demand-reducing 37 

measures1,14, are widely identified as necessary conditions. Most studies investigating pathways 38 

towards zero climate impacts explore limited regional scopes6,8,10,15; exclude non-drop-in fuels, 39 

such as hydrogen1,2,7,8,10–12,15; do not examine transition costs9,11,12; or do not quantify non-CO2 40 

impacts1,7,8,10–13,15. Moreover, none of these studies considers additional measures to avoid non-41 

CO2 impacts, such as contrail avoidance. Here we evaluate hypothetical greenhouse gas 42 

mitigation pathways including drop-in and non-drop-in fuels in addition to air transport 43 

efficiency improvements and explore non-CO2 impact mitigation through operational changes. 44 

We consider Tank-to-Wake (TTW) fuel combustion CO2 and a range of non-CO2 TTW impacts 45 

(direct warming from black carbon; semi-direct sulfate aerosol cooling; direct warming from 46 

stratospheric water vapor; indirect warming from contrails; and indirect NOx impacts including 47 
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short lived nitrate aerosol cooling, short-lived ozone warming, and cooling from destruction of 48 

atmospheric methane (CH4) and reduction of tropospheric ozone). For Well to Tank (WTT) 49 

emissions from the fuel supply chain (including feedstock production or extraction, land use 50 

change, feedstock conversion and transportation) we consider direct warming impacts from CO2, 51 

CH4 and nitrous oxide (N2O), and indirect impacts from CH4 (warming from tropospheric ozone, 52 

stratospheric water vapor, and additional CO2). In addition, we provide estimates of the costs and 53 

demand impacts associated with this transition.  54 

 55 

Mitigation Measures 56 

A net-zero emissions pathway requires anthropogenic sources of climate forcing 57 

emissions, including both direct emissions and the emissions of the supporting energy system, to 58 

ultimately become equal to or less than their sinks. 16 We disaggregate factors that affect 59 

aviation’s climate forcing emissions using Eq (1). These emissions are driven by: aviation’s level 60 

of activity (in revenue tonne-km, RTK); energy intensity (Energy/RTK); and CO2eq emissions 61 

intensity per unit energy, where CO2eq includes CO2 and non-CO2 impacts on both WTT and 62 

TTW scopes.  Offsets can be used as an instrument to balance impacts from emissions which 63 

cannot be avoided. 64 

   COଶୣ୯ = RTK ୉୬ୣ୰୥୷ୖ୘୏  େ୓మ ౛౧୉୬ୣ୰୥୷ − offsets  Eq.1 65 

Technology and policy solutions for each of these variables can contribute towards 66 

reducing aviation’s emissions towards the net-zero goal.   67 

 68 

 69 

 70 
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RTK: Air Transportation Demand 71 

The demand for air transportation depends mainly upon urban populations, associated per 72 

person income, and airfares. We expect the world to become wealthier (SI Section 5) and larger 73 

shares of the global population to gain access to air transportation. As such, in the absence of a 74 

transition towards low-carbon energy carriers and/or additional policy measures, we project 75 

demand for air transportation (measured in RTK) to grow by 2.4-4.1% p.a., corresponding to a 76 

doubling or tripling of 2019 demand by 2050. This is in line with established market forecasts.17–77 

19 We do not consider policies which directly reduce air transportation demand (e.g., French 78 

government policy aiming at displacing short-haul flights with high-speed rail 14). However, our 79 

integrated aviation systems model AIM2015 considers that cost increasing technologies, such as 80 

synthetic fuels, will lead to demand feedbacks.19,20  81 

 82 

Energy/RTK: Energy intensity of the air transport system 83 

The energy intensity of the air transportation system is driven by the fuel efficiency of 84 

individual aircraft, operational efficiency (e.g., the air traffic management [ATM] system), and 85 

capacity utilization of flights. When combining our projected energy intensity reductions for new 86 

aircraft 21 with age distributions and retirement schedules of the current fleet, average passenger 87 

load factor growth, ATM improvements and market growth projections, system-level energy 88 

intensity per RTK declines by 1.3% per year (around 33% total) between 2019 and 2050; in 89 

combination with a doubling or tripling of RTK demand, aviation CO2 emissions would increase 90 

by a factor of 1.3 to 2. Consequently, energy efficiency improvements alone are unlikely to reach 91 

even the carbon-neutral growth goal of the International Civil Aviation Organization (ICAO).22 92 

 93 
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 94 

 95 

CO2eq/Energy: Climate intensity of fuels  96 

Currently, the aviation sector relies on fossil hydrocarbon Jet-A, which generates 73 g of 97 

combustion CO2 per MJ, with an additional 14 g CO2eq per MJ (using Global Warming Potential 98 

with a 100-year time horizon (GWP100)) from CO2, CH4 and N2O emissions arising from WTT 99 

processes (oil extraction, refining, and crude oil and fuel logistics; Table 1).23 Alternative energy 100 

carriers, which partly or entirely mitigate fuel GHG emissions, include “drop-in” fuels usable in 101 

existing aircraft, and “non-drop-in” fuels, e.g., cryogenic fuels such as liquid hydrogen (LH2) 102 

and electricity, which require novel fuel infrastructure and aircraft designs (Table 1). Drop-in 103 

fuels are synthetic hydrocarbons produced from sequestered carbon atoms, e.g., from biomass 104 

(biofuels) or from the atmosphere (Power-to-Liquid fuels), so that direct CO2 emissions are 105 

offset over the fuel lifecycle. Several other non-drop-in solutions are omitted due to low energy 106 

density and high toxicity (ammonia), low availability for aviation (low-cost SLNG), dominance 107 

by drop-in pathways (high-cost SLNG), or severely limited range and payload performance (all-108 

electric aircraft). The capital requirements, inputs, costs, resource potential, and lifecycle GHG 109 

emissions vary between the fuel pathways (Table 1). Several underlying key technologies (e.g., 110 

CO2 capture from the atmosphere) are still under development. In such cases, Table 1 represents 111 

ambitious future states of the technology. 112 

 113 

[Table 1] 114 

 115 

 116 
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CO2eq/Energy: Climate intensity of TTW non-CO2 emissions 120 

Aviation’s CO2 emissions footprint is exacerbated by WTT and TTW non-CO2 impacts 121 

from onboard fuel combustion. While WTT non-CO2 emissions are accounted for in the previous 122 

section, jointly, soot, stratospheric water vapor, contrails and contrail-cirrus, oxides of nitrogen, 123 

and sulfur TTW emissions contribute 30-67% to aviation’s total radiative forcing impacts.3,4 The 124 

largest contribution, 41-57% of in-flight climate impacts, has been attributed to contrail-cirrus.3,4 125 

The different chemical composition of alternative fuels leads to differences in their non-126 

CO2 climate impact. Using GWP100, we estimate TTW non-CO2 impacts of drop-in alternative 127 

fuels to be 23% lower (range: 67% lower to 38% higher) than that of Jet-A (Table 1). This 128 

decline is due to a 35% decrease in the contrail impact27–29, partially counteracted by an assumed 129 

reduction in sulfur-related cooling. For LH2, we estimate non-CO2 impacts to be 14% higher per 130 

unit energy (range 52% lower to 120% higher) than from Jet-A, as a result of: (1) a factor 2.6 131 

increase in warming from stratospheric water vapor emissions; (2) elimination of sulfur related 132 
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cooling; and (3) a 15% reduction in contrail warming. Results for alternative GWP time horizons 133 

are presented in SI Section 3.3.  134 

Contrails form in regions with ice supersaturated atmospheric conditions, which have 135 

large horizontal (up to 400 km) extent and a small vertical height (typically less than 600 m) 30,31,  136 

and can thus be avoided through cruise altitude adjustments. Studies suggest this strategy to 137 

result in a small fuel burn penalty at the benefit of a large avoided contrail impact.27,32–34 Using 138 

results from our meta-analysis of contrail avoidance (Methods), we assume 50% of contrail 139 

length can be avoided at a 1% increase in fuel burn (ED Fig. 1).  140 

 141 

Offsets 142 

Instead of directly reducing their own emissions, airlines can purchase certificates for 143 

CO2 emissions reductions in other sectors or carbon sequestration measures. Such an approach is 144 

implemented as part of ICAO’s Carbon Offsetting and Reduction Scheme for International 145 

Aviation (CORSIA). However, offset schemes may not fully ensure that emissions reductions 146 

would not have occurred otherwise, are permanent, are not double-counted, and are verified.35 147 

For these reasons, we do not consider offsetting in this study.  148 

 149 

Results 150 

Potentials and costs of single-fuel pathways 151 

The path towards a net-zero aviation system requires a potentially costly transition to 152 

low-carbon fuels. The most suitable fuels identified are biofuels, PTL, and LH2. Their climate 153 

impact mitigation potential is limited by available supply, how fast production can be ramped up, 154 

how ramp-up interacts with demand growth, and—for LH2 as a non-drop-in fuel—the rate of 155 
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fleet turnover. To explore the boundaries of mitigation from each candidate fuel, we first analyze 156 

emissions reductions, fuel production infrastructure investment costs, and market response over 157 

time if each fuel is individually regulated into the market at maximum rates through mandates 158 

without supply limitations (‘single-fuel pathways’).  159 

The integrated aviation systems model AIM2015 19,20 allows modelling these fuel 160 

pathways and a no-intervention baseline under different demand scenarios, defined by socio-161 

economic development, oil prices, technological change, and other factors (derived from IPCC’s 162 

SSP scenarios adjusted for the impact of the COVID-19 pandemic19). Due to their cost-163 

effectiveness, future conventional aircraft generations are adopted without additional policy 164 

intervention. For the hydrogen pathway, LH2 aircraft are mandated into the fleet from 2035 165 

onwards following AIM2015’s fleet turnover model. For drop-in fuels, mandates reaching 100% 166 

in 2050 are assumed. These runs build upon the World Economic Forum ambition of 10% 167 

biofuel share (around 1.5 EJ) in 2030 and imply drop-in fuel supply of nearly 26 EJ in 2050.36 168 

However, it is unclear to what extent the associated biomass of ~52 EJ/yr would be available for 169 

aviation use.24,36,37 (Methods and SI Section 1). 170 

In the baseline scenarios, aviation direct energy use is projected to increase from 13 EJ in 171 

2019 to 18-29 EJ in 2050, depending on the demand scenario (Table 2). Associated lifecycle 172 

(“well-to-wake”, WTW) CO2 emissions increase from 1.1 to 1.5-2.5 Gt. Mitigating these CO2 173 

emissions requires discounted investments from $0.5 tln to $2.1 tln, depending on the pathway. 174 

Airfares increase by no more than 17% from year-2019 values and demand growth slows by no 175 

more than 0.6 percentage points p.a. 176 

 177 

[Table 2] 178 
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 180 

Following the single-fuel pathways, only PTL could reduce aviation lifecycle CO2 181 

emissions to zero as shown for the middle demand scenario in Figure 1 (additional metrics ED 182 

Fig. 2, high demand scenario ED Fig. 3, low demand scenario ED Fig. 4). Despite the 183 

unconstrained 2050 energy supply, the single-LH2 pathway cannot achieve full market share due 184 

to fleet turnover constraints (Panels c and d). Biofuels could be adopted at significant scale 185 

earlier than PTL and LH2 since production capacity is already being ramped up today. By 2050, 186 

under the assumptions of this study, the biofuel pathway would release around 220 million 187 

tonnes of CO2 due to remaining fuel production WTT CO2 emissions (Panel h). In addition, 188 

significant non-CO2 impacts remain for all single-fuel pathways because alternative fuels still 189 

cause non-CO2 impacts (Table 1), and no action to avoid contrails is included.  190 

 191 
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 192 

[Figure 1] 193 

 194 

Owing to the comparatively high electricity intensity of PTL and LH2 (Table 1), power 195 

generation accounts for 59% and 64% respectively of the investment required in each pathway. 196 

By 2050, around 11,000 TWh and 6,700 TWh of electric power would be needed for PTL and 197 

LH2 respectively (panel e), equivalent to 41% and 25% of year-2020 world electricity 198 

generation.38 For the biofuel pathway, almost 6,000 fuel production plants would have to be built 199 

globally over the study period. 200 

For each single-fuel pathway, air transportation continues to grow but at a lower rate 201 

compared to the reference development (panel a), due to higher operating costs raising airfares 202 

(panel b). The ramp-up of PTL production coincides with the cost of PTL declining sharply 203 

under aggressive assumptions for cost reductions in direct air capture, renewable electricity, and 204 

electrolysis. To assess the sensitivity of outcomes, we also simulated the middle demand 205 

scenario with 50% higher projected LH2 costs and twice the projected PTL costs in 2050 (Table 206 

1 and ref. 18). Compared to the projected 2-6% increase in the average 2050 airfare over year-207 

2019 values, the higher fuel costs result in an 8 and 16% ticket price rise for the LH2 and PTL 208 

case and an 7-18% reduction in year-2050 RTK over baseline values (ED Fig. 5). 209 

 210 

Potentials and costs of combined pathways 211 

PTL and LH2 pathways have limited scale-up potential before the 2030s, whereas 212 

biofuels are likely to experience long-term supply constraints. Therefore, we define combined 213 

pathways, which include supply-constrained biofuels in combination with either LH2 or PTL. 214 
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Furthermore, to address non-CO2 impacts, the combined pathways consider contrail avoidance 215 

(Methods).  216 

Cost-effective reductions in air transport system energy intensity reduce middle demand 217 

scenario year-2050 WTW CO2eq emissions from 4,900 to 3,600 Mt, addressing around 26% of 218 

the potential CO2eq emissions in 2050 (Figure 2 a, b). Over 40% of CO2eq emission reductions 219 

result from low-carbon fuels, whereas demand effects—from higher airfares—lead to an 220 

additional decline of up to 10%. Altogether, the combined pathways can reduce year-2050 WTW 221 

CO2 emissions by around 95% relative to baseline runs that include aircraft energy intensity 222 

improvements only, and by over 89% relative to 2019 levels. These reductions are enabled by 223 

year-2050 biofuel use of 6.6 EJ (biofuel + PTL pathway) and 11.2 EJ (biofuel + LH2 pathway); 224 

year-2050 PTL and LH2 use is 17.9 and 11.5 EJ respectively. However, year-2050 non-CO2 225 

impacts are around 10% higher than those in 2019 because only 60% of the cumulative non-CO2 226 

impacts compared to baseline runs can be addressed. This reflects that contrail avoidance is 227 

assumed to reduce contrail radiative forcing by 50% only, with additional benefits available from 228 

fuel composition changes. Other non-CO2 impacts, e.g. from water vapor emissions, remain 229 

unaddressed (ED Fig. 6, 7). 230 

The required discounted investments associated with the aviation energy transition are 231 

around $1.7 tln over the 30-year study period (12% lower than in the corresponding single-fuel 232 

PTL pathway), of which around 45% are associated with renewable power generation. In the 233 

context of a broader transition of a net-zero global energy system, middle demand scenario non-234 

discounted investments are around 2.2% of those required in the global energy and industrial 235 

system. 39  236 
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Aircraft operating costs increase at most by 10-16% relative to the baseline Jet-A 237 

scenario over the study period. These increases are relatively small because alternative fuel costs 238 

decrease and aircraft energy efficiency increases over time, mitigating the cost increase 239 

associated with higher levels of alternative fuel mandate in later years. Almost the entire cost 240 

increase is passed through to ticket prices, leading to 0.3-0.4% p.a. lower average RTK growth 241 

rates for the middle demand scenario; ED Figs. 8-10).  242 

 243 

[Figure 2] 244 

 245 

 246 

Discussion 247 

An energy transition towards synthetic low-carbon fuels is a necessary condition for the 248 

aviation sector to achieve the net-zero goal. Improvements in air transport fuel efficiency, driven 249 

largely by market forces, can address about a quarter of the projected 2050 lifecycle WTW 250 

CO2eq emissions. These cost-effective reductions will also be an important enabler for the 251 

needed energy transition since they reduce investment requirements for fuel production, limit the 252 

need for higher-cost fuels, and thus mitigate increases in airline operating costs and airfares. 253 

Low-carbon alternative fuels can reduce 2050 lifecycle CO2eq emissions by an additional 40% 254 

and—in combination with reduced air transport demand due to the higher costs of these fuels—255 

bring aviation 2050 CO2 emissions close to zero. This requires LH2 and PTL fuels with zero 256 

lifecycle CO2eq emissions, i.e., the embedded emissions of power generation to be zero (SI). 257 

Drop-in biofuels could play a critical role in the fuel transition over the coming decade, given 258 

their near-term availability. However, as biofuel production is scaled up over time, constrained 259 
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biomass availability could limit production volumes and increase costs (SI Section 1). Thus, 260 

biofuels could be supplemented by a second wave of fuels which use renewable electricity as a 261 

major feedstock – i.e., LH2 and drop-in PTL. PTL could fully displace other fuel sources by 262 

2050; due to fleet turnover limitations, 100% use of LH2 is unlikely before 2080. The choice of 263 

either PTL or LH2 will depend on the cost of atmospheric CO2 capture and syngas-to-fuel 264 

conversion, the upfront cost and practicability of hydrogen aircraft and fuel infrastructure, and 265 

potentially these fuels’ non-CO2 impacts. The extent and timing of the introduction of PTL and 266 

LH2 over biofuels depends on their relative cost to biofuels and technology readiness. Our 267 

analysis relies on optimistic assumptions from the literature; later technology readiness or higher 268 

costs could delay or reduce the scale of PTL or LH2 adoption.   269 

The non-CO2 effects are harder to abate and still have significant impact in 2050.  270 

Contrail avoidance partly addresses the non-CO2 impact of aviation by reducing contrail impacts 271 

– perhaps conservatively estimated – by 50% for a 1% fuel burn penalty or 0.2% increase in 272 

aircraft direct operating cost. However, the reduction in non-CO2 emissions is incomplete. 273 

Further research is needed to address the remaining gap, along with other impacts currently not 274 

considered in this analysis (e.g., climate impacts of hydrogen leakage40).  275 

The scale of the energy transition, requiring 1,000 GW-scale LH2 plants or 5,000-6,000 276 

MW-scale-biofuel plants in 2050, as well as build-up of power generation infrastructure, requires 277 

investments of order $1-2 trillion (discounted to 2019). Without policy intervention, there does 278 

not seem to be a business case, as the alternative fuels are not projected to reach cost parity with 279 

fossil Jet-A. Large-scale, long-term and globally coordinated political incentives are needed to 280 

drive this transition.  281 
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At the same time, our models of market feedbacks suggest that the aviation sector could 282 

be able to fully cover the cost of the transition. The projected airfare increases associated with 283 

the transitions in the combined pathways are limited to 10-15% compared to a baseline without 284 

energy transition, with increasing fuel costs partly offset by energy efficiency improvements. As 285 

such, the air transport sector could continue to grow through this transition, thereby enabling 286 

larger shares of the global population to use and benefit from air transportation. However, in 287 

light of low airline profitability, less profitable carriers could be forced to exit markets. Our 288 

model cannot capture such changes to sector structure.   289 

Our analysis shows that that the aviation sector could move towards a zero-impact CO2 290 

system if predictable, long-term incentives are created. Such measures do not require shifting the 291 

cost of the transition away from the aviation sector but can be absorbed by airlines and 292 

customers. However, the required technologies (i.e., biofuels, PTL, LH2 aircraft, and contrail 293 

avoidance) to achieve these goals still require development and scale-up. Additional measures, 294 

such as encouraging mode shifts, as well as measures to reduce non-CO2 impacts, may further 295 

improve the viability of the transition. For the aviation sector to contribute substantially towards 296 

the goals of the Paris Agreement by mid-century, the transition needs to start now.  297 
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Tables 322 

Table 1  Characteristics of energy carriers suitable for commercial aviation 323 

 Jet A Drop-in Fuels Cryogenic Fuels Electricity 
Low-
cost 
Biofuels 
(1) 

High-
Cost 
Biofuels 
(1) 

Power-to-
Liquids 

Low-Cost 
SLNG (2) 

High-
Cost 
SLNG 

Liquid 
Hydrogen 

Feedstock Crude 
oil 

Waste 
& plant 
oils; 
FTL 
from 
MSW* 

Cellulosic 
biomass 

Hydrogen 
& atmosph. 
CO2 (3) 

Animal 
manure, 
municipal 
wastewater 

Hydrogen 
& 
atmosph. 
CO2 

Water & 
renewable 
electricity 

Solar, 
wind 
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Fuel Supply Characteristics 
Electricity intensity 
in 2020 (2050), 
kWh(el)/kWh(fuel) 
(4) 

~ 0 0.02 <0.01 2.1 (1.9) 0.05 2.0 (1.8) 1.8 (1.5) 1.0 

Capital intensity, 
mln $/boe/d in 
2020 (2050) (5) 

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) 0.14 
(0.07) 

Production costs in 
2020 (2050), 
$/bbl(JFE) 

6 – 22 
(6 – 
110) 

150 – 
230 
(130 – 
210) 

180 – 290 
(160 – 
260) 

380 
(100/200)(8) 

110 – 230 
(110 – 
230) 

390 (110) 440 
(130/195)(8) 

60 – 150 
(30 – 70) 
 

Fuel resource 
potential, EJ 

24,000- 
98,000 

0.3 – 
20.5 (6) 

60 – 110 
(6) 
 

unlimited 30 (6) unlimited unlimited unlimited 

Climate impact intensity, gCO2(eq)/MJ 
Upstream (WTT) 14.3 -61.7 –  

-36.1 
-62.7 –  
-51.0 

-70.4 -104.7 –  
-45.8 

-56.4 0.0 0.0 

     of which CO2 11.9 -65.9 –  
-48.0 

-63.0 –  
-58.8 

-70.4 -75.1 –  
-57.0 

-56.4 0.0 0.0 

     of which non-
CO2 (7) 

2.4 1.3 – 
23.1 

0.4 – 11.4 0.0 -29.6 –  
11.2 

0 –  
13.9 

0.0 0.0 

Combustion 
(TTW) 

104.0 94.1 94.1 94.1 95.5 95.5 35.1 0.0 

     of which CO2 73.2 70.4 70.4 70.4 56.4 56.4 0.0 0.0 
     of which non-
CO2, central value 
(uncertainty) (7) 

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 

Lifecycle (WTT + 
TTW) 

118.3 32.4 – 
58.0 

31.4 – 
43.1 

23.7 -9.2 – 40.5 39.1 35.1 0.0 

    of which CO2 85.1 4.5 – 
22.4 

7.4 – 11.6 0.0 (5) -18.7 – -
10.6 
 

0.0 0.0 0.0 

    of which non-
CO2(7) 

33.2 25.0 – 
46.8 

24.1 – 
35.1 

0.0 9.5 – 50.3 39.1 – 
53.0 

35.1 0.0 

    % of lifecycle 
Jet A 

100 27 – 49 
 

27 – 36 
 

20 -8 – 34 
 

33 30 0 

Table Notes:    324 
(1) The biofuels production cost range is determined by feedstock and conversion pathways; lower end: HEFA fuels and 325 

waste; higher end: energy crops. (2) The cost range of low-cost SLNG is determined by feedstock; lower end: agricultural 326 
residues, higher end: energy crops. (3) See SI Section 1.3. (4)  The electricity intensity captures external electricity input. 327 
Therefore, the electricity intensity of refineries is around zero, as nearly all electric power is produced onsite.  (5) Capital intensity 328 
is measured in mln dollars of investments per barrel of oil equivalent (boe) per day. (6) Resource potential of low-cost biofuels 329 
from ref.24. High-cost biofuels resource potential corresponds to the lower end and higher end in Table 7.34 (ref. 25), assuming a 330 
50% biomass to fuel conversion efficiency. The low-cost SLNG potential is based upon ref. 26  (7) The CO2eq values in this table 331 
are derived using Global Warming Potential with a 100-year time horizon (GWP100. The relative impact of CO2 to non-CO2 is 332 
sensitive to time horizon (SI Sections 3.2, 3.3) CO2-eq emissions of renewable electricity are assumed to be zero.  (8) Higher 333 
number: sensitivity case. In case of PTL, consistent with DAC costs of $280 per tonne CO2 at hydrogen production costs of $1 334 
per kg. 335 

 336 

 337 

 338 
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 339 

Table 2  Scenario variables and outcomes in the reference scenarios and single-pathway 340 

abatement scenarios 341 

 Low Demand Middle Demand High Demand 
 Baseline 

(fossil Jet-
A) 

Single 
alternative fuel 
scenarios 

Baseline 
(fossil 
Jet-A) 

Single 
alternative fuel 
scenarios 

Baseline 
(fossil Jet-A) 

Single alternative 
fuel scenarios 

RTK growth, %/yr (2019-
2050) 

2.4  1.8-2.4 (3) 3.7  3.1-3.7 (3) 4.1  3.5-4.0 (3) 

Aviation direct energy use 
in 2050, EJ (c.t. 13 EJ in 
2019) 

17.7  
 

15.0-17.6 (1) 26.4  22.3-25.8(1) 29.4  24.9-28.6(1) 

   of which EJ provided by 
alternative fuel 

N/A  7.9-17.2(2) N/A  12.9-25.6(2) N/A  14.9-28.5(2) 

  Well-to-wake CO2 
emissions in 2050, Mt (c.t. 
1,070 mln tonnes in 2019) 

1,510  
 

0-822 (3) 2,240  0-1,100(3) 2,490  0-1,170 (3) 

  Cumulative (2019-2050) 
well-to-wake CO2 
emissions, Gt  

40.1  
 

24.9-35.3 (4) 50.0  28.0-42.3(4) 53.4  29.5-44.7(4) 

  Cumulative discounted 
climate costs, tln 
US$(2020)  (10) 

13.1   9.9-12.1(5) 15.9  11.7-14.3(6) 16.9  12.3-15.1(7) 

Cumulative discounted 
(2019-2050) alternative 
fuel supply investments, tln 
US$(2020) 

N/A  0.54-1.36 (8) N/A  0.83-1.93 (8) N/A  0.94-2.12(8) 

 Change over 2019 
constant-price airfare in 
2050, % (per RPK) 

-4.0  
 

-2.1-14 (9) -2.3 -0.8-16 (9) -1.3  
 

0.4-17 (9) 

Table Notes:  342 
(1) Lower end biofuels, higher end LH2. (2) Lower end LH2, higher end PTL.(3) Lower end PTL, higher end LH2. (4) 343 

Lower end biofuels, higher end LH2. (5) Central values and 95% CI: 13.1 (3.2-32.9; baseline); 10.1 (2.5-25.4; PTL); 9.9 (2.5-24.9; 344 
biofuel); 12.1 (3.0-30.4; hydrogen). For comparison purposes, climate costs are calculated using RCP2.4 and SSP2. (6) Central 345 
values and 95% CI:  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). (7) 346 
Central values and 95% CI: 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). 347 
(8) Lower end biofuels, higher end PTL. Discount rate = 2%. (9) Lower end LH2, higher end biofuels.  348 
 349 

 350 

 351 

 352 

 353 
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Figure Legends 354 

 355 

Figure 1  Model outputs for single-fuel pathways in the middle demand scenario. (See SI-356 

Section 6 for other demand scenarios). (a) RTK, (b) average ticket price, (c) fossil jet fuel use, 357 

(d) alternative fuel use, (e) low-carbon electricity required for fuel production, (f) number of 358 

synfuel plants in operation, (g) cumulative discounted synfuel plant investment costs, (h) 359 

combined well-to-wake CO2 emissions, (i) combined well-to-wake CO2 equivalent GHG 360 

emissions including non-CO2 effects on a GWP100 basis. Additional panels showing non-CO2 361 

effects by GWP20, GWP500, radiative forcing, and global mean surface temperature change are 362 

included in the SI. Historical RTK and ticket revenue data is from ICAO41 363 

 364 

 365 

Figure 2  Middle demand scenario related model outputs for two combined pathways aimed at 366 

minimizing year-2050 aviation climate impact, biofuels + PTL and biofuels + hydrogen. (a) 367 

Reduction in CO2eq (GWP100) emissions by type of mitigation strategy, biofuels + PTL pathway; 368 

(b) reduction in CO2eq emissions by type of mitigation strategy, biofuels + hydrogen pathway; 369 

(c) cumulative discounted plant investment costs, biofuels + PTL pathway; (d) cumulative 370 

discounted plant investment costs, biofuels + hydrogen pathway. The contribution of each source 371 

to emissions reductions is approximate, as there is interdependency between mitigation 372 

measures. E/RTK (existing designs) includes changes in CO2eq from aircraft designs with pre-373 

2025 entry into service. E/RTK (LF, ops. & ATM) includes the impact of changes in load factor, 374 

operational mitigation measures (e.g., reduced taxi time), and changes in CO2eq from network 375 

change over time (e.g., longer average flight length). RTK reduction results from higher airfares 376 
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induced by the energy transition. Non-CO2 includes contrail avoidance and non-CO2 impacts of 377 

alternative fuel use. A CO2-only version of this figure, metrics for high and low demand scenario 378 

runs, and results including GWP20 and GWP500, radiative forcing, and temperature change are in 379 

SI Section 6.  380 

 381 

 382 

 383 

384 
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Methods 485 

We assess technology adoption scenarios towards a net-zero aviation sector through a 486 

system level approach. The model builds on combining (1) the global aviation systems model 487 

(AIM) to model future market development, demand feedbacks and technology adoption in a 488 

consistent framework; (2) the reduced-order climate model APMT Impacts Climate to capture 489 

CO2 and non-CO2 impacts of aviation emissions under current and future scenarios; (3) detailed 490 

assessments of techno-economic characteristics and lifecycle GHG emissions of alternative fuel 491 

pathways; (4) a meta-study for assessing the opportunities and costs of contrail avoidance 492 

through flight route adjustments; and (5) a detailed scenario approach. 493 

 494 

Aviation Integrated Model (AIM) 495 

The Aviation Integrated Model (AIM) is an open-source global aviation systems model 496 

simulating future passenger and freight demand for trips between 878 city regions worldwide 497 

(1,169 airports; 40,264 distinct flight segments); airline fleets and operations; operating costs and  498 

impact on itinerary-level ticket prices, freight rates and technology choices; airport schedules and 499 

delay; emissions outcomes including CO2, NOx and PM; and how outcomes change in the 500 

presence of different policies or new technologies. AIM2015 and its component modules have 501 

been widely used for policy assessment, including for the EC36 and UK DfT.42 Details of model 502 

structure, methodology, and validation are given in refs. 19,20.  503 

AIM2015 allows us to capture second-order impacts of energy transition-related policies. 504 

For example, AIM2015’s cost model includes a detailed flight segment-level model of fuel and 505 

non-fuel operating costs by aircraft and route type. 20 If a technology with higher operating costs 506 

is used on that segment, the model projects impacts on itinerary ticket prices and freight rates, 507 
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and subsequent impacts on demand and required amounts of fuel. For this study, global fuel 508 

blending mandates, beginning in 2025 and rising to 100% in 2050, are simulated and, in the case 509 

of hydrogen aircraft, a mandatory hydrogen requirement for new purchases is simulated (phased 510 

in over 5 years from hydrogen aircraft first entry into service). A Net Present Value (NPV) 511 

model is used to assess uptake of other new aircraft technologies and technology-fuel 512 

combinations within those consistent with mandate requirements. For drop-in fuels, adoption is 513 

based on the lowest cost to airlines once any mandate requirements, carbon, NOx or contrail-514 

related costs are factored in, with other fuels additionally used where supply or blending limits 515 

prevent satisfaction of demand. These models are further described in ref. 43, including 516 

assumptions about airline costs and performance modelling. 517 

The characteristics of future generations of conventional aircraft and operational 518 

emissions mitigation measures or retrofits to existing aircraft are taken from refs. 10,21,43. For 519 

electric aircraft, performance characteristics, including range limitations, are taken from ref. 44 520 

for single-aisle aircraft, and ref. 45 for regional jets. Operating cost characteristics are derived 521 

from ref. 46. For this study, LH2 aircraft were added to the model. Literature LH2 aircraft 522 

performance characteristics range from more to less energy-efficient than conventional designs 523 

e.g. refs. 47,48, depending mainly on assumptions about tank design. In addition, considerable 524 

uncertainty exists about hydrogen aircraft capital and maintenance costs. For simplicity, we 525 

assume energy intensity and nonfuel operating costs of LH2 aircraft equal to those of 526 

conventional aircraft of a comparable generation and size, i.e. that the operating cost difference 527 

between conventional and hydrogen aircraft is dominated by fuel costs. We assume hydrogen 528 

combustion rather than fuel cell-powered propulsion, as the extra weight of fuel cells reduces 529 

their feasibility for mid- and long-haul flights. 48 A detailed fuels module was also developed for 530 
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this study to simulate alternative fuel costs and characteristics over time. The assumptions used 531 

in this module are documented separately below (‘Fuel Modelling’). Model scenario-related 532 

inputs are discussed in ‘Scenario Modelling’ below.  533 

 534 

Climate impact modeling 535 

We model the climate impacts of aviation emissions using the Aviation environmental 536 

Portfolio Management Tool - Impacts Climate (APMT-IC) as described in refs. 3,49. APMT-IC 537 

probabilistically evaluates the physical climate impacts from global aviation emissions and 538 

estimates the associated monetary damages. Our use of this model is two-fold. First, we use it to 539 

derive Global Warming Potentials (GWP) for each of the precursor emissions (SI Section 3.2). 540 

These GWP values are used convert non-CO2 emissions to CO2eq emissions. Second, we use it 541 

to calculate radiative forcing and atmospheric surface temperature change response for each the 542 

future emissions pathways generated by AIM. 543 

The implementation of APMT-IC used here is described in refs. 3,49. The model has been 544 

updated to capture recent research results (1) on the contrail-cirrus forcing and subsequent 545 

expected atmospheric temperature response to this forcing4,50; (2) on the NOx-related methane 546 

forcing; (3) on the cost of global warming; and (4) updates to account for non-CO2 impacts of 547 

drop-in alternative fuels, LNG, and LH2.  548 

Following ref. 4, we update the contrail-cirrus radiative forcing (RF) in APMT-IC to 549 

explicitly separate the estimation of RF and effective RF (ERF, the change in energy forcing 550 

after certain short-term climate feedbacks have occurred). For RF, we apply a triangular 551 

uncertainty distribution with a minimum value of 20.9 mW/m2, mid value of 69.78 mW/m2, and 552 

upper bound of 118.62 mW/m2 for distance flown in 2006.51–54 We also align with the ERF/RF 553 
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adjustment from ref. 4 and apply a triangular uncertainty distribution with a mid-value of 0.417, 554 

minimum value of 0.31 and maximum value of 0.59.50,55,56 This adjustment allows us to capture 555 

the expected temperature change associated with the updated contrail-cirrus RF. 556 

We note some unquantified uncertainties are not captured in this approach. Firstly, while 557 

this ERF/RF adjustment captures the difference in temperature change from short term RF, this 558 

ERF/RF may not necessarily provide an accurate measure of long-term temperature response.50,57 559 

Secondly, the adjustment factors from refs. 55,56 represent long-term climate feedbacks for linear 560 

contrails only, derived using contrail formation more than 50 times expected contrail coverage in 561 

2050. This upscaling may cause saturation of feedback effects such as cloud formation.58–60 After 562 

these adjustments, we find a 33% net reduction in temperature change associated with contrail-563 

cirrus per distance flown as compared to ref. 3. Additionally, we normalize contrail impacts by 564 

the AEDT distance for flights in 2006 as reported in ref. 4.  565 

The second update aligns the NOx-related methane forcing with more recent literature on 566 

the radiative interaction of methane. Following the method of ref. 4, we increase the forcing of 567 

NOx related methane forcing by 14%. This accounts for additional short wave RF previously not 568 

accounted for in the methane radiative transfer function calculations.61 Except for contrails, 569 

ERF/RF adjustment factors from ref. 4 are not included for in-flight emissions. These factors 570 

remain highly uncertain, and remain a research need for in-flight aviation emissions. 58 571 

The third update aligns estimated costs of global warming with more recent literature 572 

values. Previously, APMT-IC used the damage function from the Dynamic Integrated Climate-573 

Economy (DICE) model62, which is consistent with the social cost of carbon as proposed by the 574 

US Interagency Working Group on Social Cost of Carbon.63 This damage function was based on 575 

a meta-analysis of 17 studies quantifying market and non-market damages.62 Recent reports 576 
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indicate that traditional integrated assessment models, including DICE, lag recent research on 577 

climate damages.64,65 In this study, we apply the damage function from ref. 66, as described in ref. 578 

67. This damage function is based on a meta-analysis of a larger number of damage estimates 579 

from literature and explicitly treats dependencies between different underlying studies to avoid 580 

overrepresentation of results from specific studies. This change leads to social cost of carbon of 581 

246 USD2020/tonne CO2 (90% confidence interval 61.4 to 624) for RCP2.6 and SSP2 background 582 

scenarios and a 2% discount rate. For a 3% discount rate, RCP4.5 and SSP1 the social cost of 583 

carbon in 2020 is 158 USD2020/tonne CO2 (90% confidence interval 46.4 to 352) in 2020 USD. 584 

While this represents a factor ~2.8 increase above the previous APMT-IC social cost of carbon, 585 

these values are in-line with recent literature global social cost of carbon estimates of 80 - 805 586 

USD.67–69 587 

Finally, due to changes in the non-CO2 emissions footprint of LH2, LNG and SAF, the 588 

subsequent climate impacts are also expected to differ.70,71 For each fuel considered, we derive 589 

adjustment factors by emission species based on a literature survey. These factors capture  590 

changes in RF per unit fuel energy for each fuel relative to conventional Jet-A. A summary of 591 

adjustment factors is provided in Section 3 of the SI.  592 

 593 

Alternative fuel pathways 594 

The following fuel and fuel production pathways are considered in this analysis:  595 

- Liquid hydrogen (LH2): We consider liquid hydrogen produced via water electrolysis 596 

and subsequent liquefaction, both powered by renewable electricity. The electrolysis of 597 

water is modeled based on the proton-exchange membrane (PEM) technology and 598 

follows the varying load of renewable electricity. The produced hydrogen gas is stored in 599 
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a compressed gas tank to enable continuous operation downstream. Liquefaction of 600 

hydrogen is performed at continuous load and the liquid product is stored for further use. 601 

- Power-to-liquid fuels (PTL): We consider power-to-liquids based on hydrogen from 602 

water electrolysis and CO2 from direct air capture. Hydrogen is produced at varying loads 603 

from PEM water electrolysis and stored in a compressed-gas tank. CO2 is continuously 604 

extracted from the atmosphere via physical adsorption in a direct air capture process 605 

(DAC). CO2 and H2 are continuously converted to syngas (H2+CO) via the reverse water 606 

gas shift process (RWGS). The syngas is converted into hydrocarbons via the Fischer-607 

Tropsch process (FT), where the gaseous fraction is cycled back to the RWGS reaction to 608 

be turned into syngas. The resulting synthetic crude is converted into jet fuel and by-609 

products using refining process steps.  610 

- Biofuels: We consider biofuels produced from dedicated biomass and waste streams 611 

including the following pathways: HEFA (hydrogenated esters and fatty acids) process 612 

using dedicated vegetable oil crops (e.g., soybean, rapeseed, jatropha, palm oil) and 613 

FOGs (fats, oils, and greases; specifically used cooking oil and tallow), advanced 614 

fermentation of sugar crops, and Fischer-Tropsch synthesis of municipal solid waste, 615 

lignocellulosic material (forestry residues, agricultural residues, and dedicated feedstock 616 

such as switchgrass and miscanthus).  617 

- Synthetic natural gas: Hydrogen is produced via water electrolysis using renewable 618 

electricity; CO2 is captured from the atmosphere via low-temperature pressure-swing 619 

adsorption. Natural gas is then synthesized from H2 and CO2 via the Sabatier process, and 620 

the methane is subsequently liquefied for aviation use. Another pathway to synthetic 621 
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natural gas is via anaerobic digestion of biomass to produce biogas, which is then cleaned 622 

and liquefied.  623 

 624 

The availability of fuels produced from electricity, water, and CO2 (PTL, SLNG) is in 625 

principle unlimited as the feedstock potentials can be leveraged at practically any scale. 626 

However, the specific availability at a point in time depends on the rate at which production 627 

capacity can be ramped up and the policy priority given to aviation for using scarce input factors 628 

such as electricity or biomass. We assume the main constraint on LH2 ramp-up is fleet 629 

penetration of LH2 aircraft; for PTL and biofuels, maximum ramp-up rates are set using a 630 

combination of near-term literature estimates of supply and longer-term estimates of aviation 631 

fuel demand (SI Section 1). For single-fuel pathways, biomass availability is modeled after ref. 632 

24’s  F1-A1-S2 scenario, assuming full availability of the fuels for aviation such that biofuel 633 

potential is essentially unlimited (over twice the expected demand of less than 30 EJ/y in 2050). 634 

These assumptions are used as the fundamental availability for these pathways, while the specific 635 

use of fuels is then determined with the AIM model taking into account demand effects, mandate 636 

levels, scale-up behavior and prices. For the combined-pathway model runs a more constrained 637 

biomass supply is assumed, rising to a maximum of 21.7 EJ in 2050, based on Ref. 37 (SI Section 638 

1). 639 

Production costs: We determine alternative fuel pathway costs (except for biofuel 640 

pathways) with the levelized cost of energy approach. To this end, we determine the investment 641 

costs of the facilities based on energy and mass balances, and component cost estimates from the 642 

literature. We assume improvements of component efficiencies and energy demands in line with 643 

recent publications. The levelized costs of intermittent renewable electricity is assumed to be 644 
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$0.04/kWh today at a capacity factor of 30% and $0.02/kWh at 50% in 2050, where these 645 

estimates are based on a mix of solar PV and onshore wind technologies. Additionally, we 646 

include energy storage for parts of the facilities that must run continuously and thus use an 647 

LCOE of $0.10/kWh (year 2020) and $0.05/kWh (year 2050) for renewable electricity that is 648 

available around the clock. The costs are annualized assuming a lifetime of 20 years and a 649 

discount rate of 10%.  The minimum selling price of the different biofuel pathways is based on a 650 

discounted cash flow rate of return analysis as shown in ref. 72 651 

GHG emissions: The life cycle emissions of electricity from solar PV and wind are 652 

assumed to be zero (see SI Section 1 for estimate on embedded emissions). While currently there 653 

are still embedded emissions in the production of PV modules and wind turbines, these are 654 

expected to approach zero with the decarbonization of the economy. For GHG emissions of 655 

biofuels, we use literature values from ref. 24. for the different pathways in our study. The authors 656 

indicate values for today and for 2050, and we use linear interpolation to get values in between. 657 

We neglect embedded emissions of all infrastructure for the fuel pathways due to the expected 658 

small impact (see SI Section 1, for estimates). We use literature information on different biofuel 659 

pathways to break out different species (CO2, CH4, N2O) in direct emissions of greenhouse 660 

gases.23,73–75 The climate impacts of hydrogen leakage (either from PTL or LH2 production) are 661 

not included here and remain highly uncertain due to uncertainties in leakage rates and climate 662 

impacts. 40,76 Other non-CO2 impacts on the atmosphere are discussed in ‘Climate impact 663 

modeling’ above, ‘Contrail avoidance modeling’ below, and in Section 3 of the SI.  664 

Contrail avoidance modeling 665 

Reaching net zero climate impacts from aviation will require avoiding contrail formation. 666 

One strategy of contrail avoidance relies on small scale altitude adjustments to avoid flying 667 
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through atmospheric locations with where contrails can form (refs. 32,33,77). These diversions lead 668 

to a small fuel burn penalty (typically less than 5% of fleetwide fuel consumption) compared to a 669 

counterfactual case with fuel-optimal operations. In addition, only 2% of flights have been found 670 

to be responsible for 80% of contrail forcing in some regions; in turn, less than 2% of flights 671 

would have to be diverted to avoid contrail warming impacts27.   672 

Contrail avoidance is modelled using results from our contrail avoidance meta-analysis 673 

based on a literature review of five different studies34,77–80 (SI Section 2). Using these studies, we 674 

estimate the relationship between contrail avoidance and fleet-wide fuel burn penalty as shown 675 

in Equation 2, where fሺxሻ represents the fraction increase in fuel burn for the x fraction contrail 676 

length avoided and C଴, Cଵ and Cଶ represent the shape parameters to be estimated.  677 

fሺxሻ =  C଴  ൬−1 + CଵCଵ − x൰େమ Eq. 2 
 

Performing this curve fit yields coefficients of C଴ = 0.011, Cଵ = 1.161, and Cଶ = 0.906. 678 

The resulting route mean square error (RMSE) is 0.0891, leading to a normalized RMSE of 11%, 679 

where this normalization is taken to the maximum fuel burn fraction increase. The central 680 

estimate of the curve fit indicates 50% of fleet-wide contrail length can be avoided for a 0.88% 681 

fleet-wide fuel burn penalty (5th to 95th percentile range 0 to 2.51). Thereafter avoiding 682 

subsequent contrails becomes more fuel costly, with an additional 20% avoidance requiring 683 

double the additional fuel. 684 

Using this meta-analysis, a single mid-range contrail avoidance scenario is selected for 685 

our combined technology pathways in which 50% fleet-wide contrail avoidance can be achieved 686 

at a 1% fleet-wide fuel burn penalty. This represents a higher fuel burn penalty than the central 687 

estimate of the meta-analysis, to account for the range in estimates in literature. The 50% length 688 
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avoidance is lower compared to other studies, which calculate maximum contrail impact 689 

avoidance of 70-80%. However, this mid-range value of 50% is selected since high rates of 690 

avoidance will cause increased strain on airspace and air traffic control27 and maximum rates of 691 

contrail avoidance may be difficult to achieve with current weather prediction data. 27This 692 

contrail avoidance trade-off likely differs for alternative energy carriers such as hydrogen, but 693 

data on these differences remains unavailable. Therefore, we apply the same results from 694 

Equation 2 for alternative fuels (SI Section 2).  695 

 696 

Scenario approach 697 

The global potential of technologies and fuels to reduce aviation emissions is limited by 698 

supply, ramp-up rate and fleet turnover. These factors interact with demand growth. As such, we 699 

examine outcomes across three demand scenarios, described below. For each demand scenario, 700 

we run: baseline model runs (with operational and efficiency improvements, but no energy 701 

transition or additional aviation policy); single-fuel pathways (model runs with operational and 702 

efficiency improvements and energy transition to a single alternative fuel (biofuels, PTL and 703 

hydrogen) only); and, based on the outcomes of the single-technology scenarios, combined 704 

pathways (model runs with operational and efficiency improvements, contrail avoidance, and 705 

biofuels as a bridging fuel to PTL or hydrogen).  706 

Uncertain AIM scenario inputs include future population, GDP/capita, oil prices, and 707 

whether the relationship between demand growth and income growth will change as aviation 708 

systems mature. The development of scenarios for input assumptions which take account of the 709 

COVID19 pandemic is described in ref. 19. Baseline population and GDP/capita growth rates are 710 

derived from the IPCC SSP scenarios,81 adjusted for COVID19 pandemic GDP/capita impacts 711 
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(ref. 82), and impacts of movement restrictions on demand and load factors (refs. 83,84). The 712 

scenarios used in this paper (summarized in SI Section 5) are: a high growth scenario based on 713 

IPCC SSP1 socioeconomic factors, leading to aviation demand growth comparable to recent 714 

historical trends; a central scenario based on IPCC SSP2 socioeconomic factors, leading to 715 

demand growth similar to industry projections; and a low scenario based on IPCC SSP3 716 

socioeconomic factors, which leads to post-pandemic demand growth which is lower than 717 

historical trends. The low demand scenario includes demand growth decoupling from economic 718 

growth, at the level used in ref. 85; this assumes a gradual trend towards income elasticities of no 719 

more than 0.6 over a 70-year period. For reference cases, we use IEA SDS oil price projections86, 720 

which are consistent with a level of policy ambition which falls short of net zero CO2 in 2050. 721 

Because seeking to achieve net zero CO2 emissions in aviation implies a high level of climate 722 

ambition in other sectors, we use lower oil prices post-2040 in scenarios where there is 723 

significant use of alternative technology in aviation (transitioning from the SDS trajectory to the 724 

IEA NZE projections 7 (SI Figure 2). Future technology costs and capabilities are also uncertain. 725 

For this paper, the key sensitivity is to fuel costs and we address this through the use of 726 

alternative fuel cost projections, as discussed in the main paper. 727 

 728 

Data availability 729 

The datasets generated during the current study are available from the corresponding 730 

author on reasonable request. 731 

 732 

Code availability 733 
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A version of the open-source code of the Aviation Integrated Model AIM2015, adjusted 734 

to remove confidential data, underlying this study can be downloaded at 735 

http://www.atslab.org/data-tools/  736 

  737 
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Abstract: Aviation emissions are not on a trajectory consistent with Paris Climate Agreement 16 

goals.1,2 We evaluate the extent to which fuel pathways could lead aviation towards net-zero 17 

climate impacts: synthetic fuels from biomass, synthetic fuels from green hydrogen and 18 

atmospheric CO2, and the direct use of green liquid hydrogen. Together with continued 19 

efficiency gains and contrail avoidance, but without offsets, such an energy transition could 20 

reduce lifecycle aviation CO2 emissions by 89-94% compared to year-2019 levels, despite a 2-3-21 

fold growth in demand by 2050. The aviation sector could manage the associated cost increases, 22 

with ticket prices rising by no more than 15% compared to a no intervention baseline leading to 23 
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demand suppression less than 14%. These pathways will require discounted investments on the 24 

order of $0.5-2.1 trillion over a 30-year period. However, our pathways reduce aviation CO2-25 

equivalent emissions by 46-69% only; more action is required to mitigate non-CO2 impacts. 26 

  27 

 28 
Main 29 

Reducing climate impacts is particularly challenging for aviation, a sector with high 30 

growth rates, long-lived assets, non-CO2 impacts of similar magnitude to those from CO23,4, and 31 

no commercially-available, scalable carbon-neutral technology.  32 

Previous studies investigating aviation pathways towards zero CO2 and/or climate 33 

impacts have highlighted the difficulty of meeting emissions goals2,5,6, particularly when 34 

considering non-CO2 climate impacts.2 Most mitigation scenarios project net positive aviation 35 

CO2 in 2050.7–9  For studies looking at net zero within the aviation sector, significant scale-up in 36 

alternative fuel use (either drop-in fuels10–12 or hydrogen13), and potentially demand-reducing 37 

measures1,14, are widely identified as necessary conditions. Most studies investigating pathways 38 

towards zero climate impacts explore limited regional scopes6,8,10,15; exclude non-drop-in fuels, 39 

such as hydrogen1,2,7,8,10–12,15; do not examine transition costs9,11,12; or do not quantify non-CO2 40 

impacts1,7,8,10–13,15. Moreover, none of these studies considers additional measures to avoid non-41 

CO2 impacts, such as contrail avoidance. Here we evaluate hypothetical greenhouse gas 42 

mitigation pathways including drop-in and non-drop-in fuels in addition to air transport 43 

efficiency improvements and explore non-CO2 impact mitigation through operational changes. 44 

We consider Tank-to-Wake (TTW) fuel combustion CO2 and a range of non-CO2 TTW impacts 45 

(direct warming from black carbon; semi-direct sulfate aerosol cooling; direct warming from 46 

stratospheric water vapor; indirect warming from contrails; and indirect NOx impacts including 47 
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short lived nitrate aerosol cooling, short-lived ozone warming, and cooling from destruction of 48 

atmospheric methane (CH4) and reduction of tropospheric ozone). For Well to Tank (WTT) 49 

emissions from the fuel supply chain (including feedstock production or extraction, land use 50 

change, feedstock conversion and transportation) we consider direct warming impacts from CO2, 51 

CH4 and nitrous oxide (N2O), and indirect impacts from CH4 (warming from tropospheric ozone, 52 

stratospheric water vapor, and additional CO2). In addition, we provide estimates of the costs and 53 

demand impacts associated with this transition.  54 

 55 

Mitigation Measures 56 

A net-zero emissions pathway requires anthropogenic sources of climate forcing 57 

emissions, including both direct emissions and the emissions of the supporting energy system, to 58 

ultimately become equal to or less than their sinks. 16 We disaggregate factors that affect 59 

aviation’s climate forcing emissions using Eq (1). These emissions are driven by: aviation’s level 60 

of activity (in revenue tonne-km, RTK); energy intensity (Energy/RTK); and CO2eq emissions 61 

intensity per unit energy, where CO2eq includes CO2 and non-CO2 impacts on both WTT and 62 

TTW scopes.  Offsets can be used as an instrument to balance impacts from emissions which 63 

cannot be avoided. 64 

   COଶୣ୯ = RTK ୉୬ୣ୰୥୷ୖ୘୏  େ୓మ ౛౧୉୬ୣ୰୥୷ − offsets  Eq.1 65 

Technology and policy solutions for each of these variables can contribute towards 66 

reducing aviation’s emissions towards the net-zero goal.   67 

 68 

 69 

 70 
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RTK: Air Transportation Demand 71 

The demand for air transportation depends mainly upon urban populations, associated per 72 

person income, and airfares. We expect the world to become wealthier (SI Section 5) and larger 73 

shares of the global population to gain access to air transportation. As such, in the absence of a 74 

transition towards low-carbon energy carriers and/or additional policy measures, we project 75 

demand for air transportation (measured in RTK) to grow by 2.4-4.1% p.a., corresponding to a 76 

doubling or tripling of 2019 demand by 2050. This is in line with established market forecasts.17–77 

19 We do not consider policies which directly reduce air transportation demand (e.g., French 78 

government policy aiming at displacing short-haul flights with high-speed rail 14). However, our 79 

integrated aviation systems model AIM2015 considers that cost increasing technologies, such as 80 

synthetic fuels, will lead to demand feedbacks.19,20  81 

 82 

Energy/RTK: Energy intensity of the air transport system 83 

The energy intensity of the air transportation system is driven by the fuel efficiency of 84 

individual aircraft, operational efficiency (e.g., the air traffic management [ATM] system), and 85 

capacity utilization of flights. When combining our projected energy intensity reductions for new 86 

aircraft 21 with age distributions and retirement schedules of the current fleet, average passenger 87 

load factor growth, ATM improvements and market growth projections, system-level energy 88 

intensity per RTK declines by 1.3% per year (around 33% total) between 2019 and 2050; in 89 

combination with a doubling or tripling of RTK demand, aviation CO2 emissions would increase 90 

by a factor of 1.3 to 2. Consequently, energy efficiency improvements alone are unlikely to reach 91 

even the carbon-neutral growth goal of the International Civil Aviation Organization (ICAO).22 92 

 93 
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CO2eq/Energy: Climate intensity of fuels  94 

Currently, the aviation sector relies on fossil hydrocarbon Jet-A, which generates 73 g of 95 

combustion CO2 per MJ, with an additional 14 g CO2eq per MJ (using Global Warming Potential 96 

with a 100-year time horizon (GWP100)) from CO2, CH4 and N2O emissions arising from WTT 97 

processes (oil extraction, refining, and crude oil and fuel logistics; Table 1).23 Alternative energy 98 

carriers, which partly or entirely mitigate fuel GHG emissions, include “drop-in” fuels usable in 99 

existing aircraft, and “non-drop-in” fuels, e.g., cryogenic fuels such as liquid hydrogen (LH2) 100 

and electricity, which require novel fuel infrastructure and aircraft designs (Table 1). Drop-in 101 

fuels are synthetic hydrocarbons produced from sequestered carbon atoms, e.g., from biomass 102 

(biofuels) or from the atmosphere (Power-to-Liquid fuels), so that direct CO2 emissions are 103 

offset over the fuel lifecycle. Several other non-drop-in solutions are omitted due to low energy 104 

density and high toxicity (ammonia), low availability for aviation (low-cost SLNG), dominance 105 

by drop-in pathways (high-cost SLNG), or severely limited range and payload performance (all-106 

electric aircraft). The capital requirements, inputs, costs, resource potential, and lifecycle GHG 107 

emissions vary between the fuel pathways (Table 1). Several underlying key technologies (e.g., 108 

CO2 capture from the atmosphere) are still under development. In such cases, Table 1 represents 109 

ambitious future states of the technology. 110 

 111 

[Table 1] 112 

 113 

 114 

 115 

 116 
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CO2eq/Energy: Climate intensity of TTW non-CO2 emissions 117 

Aviation’s CO2 emissions footprint is exacerbated by WTT and TTW non-CO2 impacts 118 

from onboard fuel combustion. While WTT non-CO2 emissions are accounted for in the previous 119 

section, jointly, soot, stratospheric water vapor, contrails and contrail-cirrus, oxides of nitrogen, 120 

and sulfur TTW emissions contribute 30-67% to aviation’s total radiative forcing impacts.3,4 The 121 

largest contribution, 41-57% of in-flight climate impacts, has been attributed to contrail-cirrus.3,4 122 

The different chemical composition of alternative fuels leads to differences in their non-123 

CO2 climate impact. Using GWP100, we estimate TTW non-CO2 impacts of drop-in alternative 124 

fuels to be 23% lower (range: 67% lower to 38% higher) than that of Jet-A (Table 1). This 125 

decline is due to a 35% decrease in the contrail impact27–29, partially counteracted by an assumed 126 

reduction in sulfur-related cooling. For LH2, we estimate non-CO2 impacts to be 14% higher per 127 

unit energy (range 52% lower to 120% higher) than from Jet-A, as a result of: (1) a factor 2.6 128 

increase in warming from stratospheric water vapor emissions; (2) elimination of sulfur related 129 

cooling; and (3) a 15% reduction in contrail warming. Results for alternative GWP time horizons 130 

are presented in SI Section 3.3.  131 

Contrails form in regions with ice supersaturated atmospheric conditions, which have 132 

large horizontal (up to 400 km) extent and a small vertical height (typically less than 600 m) 30,31,  133 

and can thus be avoided through cruise altitude adjustments. Studies suggest this strategy to 134 

result in a small fuel burn penalty at the benefit of a large avoided contrail impact.27,32–34 Using 135 

results from our meta-analysis of contrail avoidance (Methods), we assume 50% of contrail 136 

length can be avoided at a 1% increase in fuel burn (ED Fig. 1).  137 

 138 

 139 



 6

Offsets 140 

Instead of directly reducing their own emissions, airlines can purchase certificates for 141 

CO2 emissions reductions in other sectors or carbon sequestration measures. Such an approach is 142 

implemented as part of ICAO’s Carbon Offsetting and Reduction Scheme for International 143 

Aviation (CORSIA). However, offset schemes may not fully ensure that emissions reductions 144 

would not have occurred otherwise, are permanent, are not double-counted, and are verified.35 145 

For these reasons, we do not consider offsetting in this study.  146 

 147 

Results 148 

Potentials and costs of single-fuel pathways 149 

The path towards a net-zero aviation system requires a potentially costly transition to 150 

low-carbon fuels. The most suitable fuels identified are biofuels, PTL, and LH2. Their climate 151 

impact mitigation potential is limited by available supply, how fast production can be ramped up, 152 

how ramp-up interacts with demand growth, and—for LH2 as a non-drop-in fuel—the rate of 153 

fleet turnover. To explore the boundaries of mitigation from each candidate fuel, we first analyze 154 

emissions reductions, fuel production infrastructure investment costs, and market response over 155 

time if each fuel is individually regulated into the market at maximum rates through mandates 156 

without supply limitations (‘single-fuel pathways’).  157 

The integrated aviation systems model AIM2015 19,20 allows modelling these fuel 158 

pathways and a no-intervention baseline under different demand scenarios, defined by socio-159 

economic development, oil prices, technological change, and other factors (derived from IPCC’s 160 

SSP scenarios adjusted for the impact of the COVID-19 pandemic19). Due to their cost-161 

effectiveness, future conventional aircraft generations are adopted without additional policy 162 



 7

intervention. For the hydrogen pathway, LH2 aircraft are mandated into the fleet from 2035 163 

onwards following AIM2015’s fleet turnover model. For drop-in fuels, mandates reaching 100% 164 

in 2050 are assumed. These runs build upon the World Economic Forum ambition of 10% 165 

biofuel share (around 1.5 EJ) in 2030 and imply drop-in fuel supply of nearly 26 EJ in 2050.36 166 

However, it is unclear to what extent the associated biomass of ~52 EJ/yr would be available for 167 

aviation use.24,36,37 (Methods and SI Section 1). 168 

In the baseline scenarios, aviation direct energy use is projected to increase from 13 EJ in 169 

2019 to 18-29 EJ in 2050, depending on the demand scenario (Table 2). Associated lifecycle 170 

(“well-to-wake”, WTW) CO2 emissions increase from 1.1 to 1.5-2.5 Gt. Mitigating these CO2 171 

emissions requires discounted investments from $0.5 tln to $2.1 tln, depending on the pathway. 172 

Airfares increase by no more than 17% from year-2019 values and demand growth slows by no 173 

more than 0.6 percentage points p.a. 174 

 175 

[Table 2] 176 

 177 

Following the single-fuel pathways, only PTL could reduce aviation lifecycle CO2 178 

emissions to zero as shown for the middle demand scenario in Figure 1 (additional metrics ED 179 

Fig. 2, high demand scenario ED Fig. 3, low demand scenario ED Fig. 4). Despite the 180 

unconstrained 2050 energy supply, the single-LH2 pathway cannot achieve full market share due 181 

to fleet turnover constraints (Panels c and d). Biofuels could be adopted at significant scale 182 

earlier than PTL and LH2 since production capacity is already being ramped up today. By 2050, 183 

under the assumptions of this study, the biofuel pathway would release around 220 million 184 

tonnes of CO2 due to remaining fuel production WTT CO2 emissions (Panel h). In addition, 185 
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significant non-CO2 impacts remain for all single-fuel pathways because alternative fuels still 186 

cause non-CO2 impacts (Table 1), and no action to avoid contrails is included.  187 

 188 

 189 

[Figure 1] 190 

 191 

Owing to the comparatively high electricity intensity of PTL and LH2 (Table 1), power 192 

generation accounts for 59% and 64% respectively of the investment required in each pathway. 193 

By 2050, around 11,000 TWh and 6,700 TWh of electric power would be needed for PTL and 194 

LH2 respectively (panel e), equivalent to 41% and 25% of year-2020 world electricity 195 

generation.38 For the biofuel pathway, almost 6,000 fuel production plants would have to be built 196 

globally over the study period. 197 

For each single-fuel pathway, air transportation continues to grow but at a lower rate 198 

compared to the reference development (panel a), due to higher operating costs raising airfares 199 

(panel b). The ramp-up of PTL production coincides with the cost of PTL declining sharply 200 

under aggressive assumptions for cost reductions in direct air capture, renewable electricity, and 201 

electrolysis. To assess the sensitivity of outcomes, we also simulated the middle demand 202 

scenario with 50% higher projected LH2 costs and twice the projected PTL costs in 2050 (Table 203 

1 and ref. 18). Compared to the projected 2-6% increase in the average 2050 airfare over year-204 

2019 values, the higher fuel costs result in an 8 and 16% ticket price rise for the LH2 and PTL 205 

case and an 7-18% reduction in year-2050 RTK over baseline values (ED Fig. 5). 206 

 207 

 208 
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Potentials and costs of combined pathways 209 

PTL and LH2 pathways have limited scale-up potential before the 2030s, whereas 210 

biofuels are likely to experience long-term supply constraints. Therefore, we define combined 211 

pathways, which include supply-constrained biofuels in combination with either LH2 or PTL. 212 

Furthermore, to address non-CO2 impacts, the combined pathways consider contrail avoidance 213 

(Methods).  214 

Cost-effective reductions in air transport system energy intensity reduce middle demand 215 

scenario year-2050 WTW CO2eq emissions from 4,900 to 3,600 Mt, addressing around 26% of 216 

the potential CO2eq emissions in 2050 (Figure 2 a, b). Over 40% of CO2eq emission reductions 217 

result from low-carbon fuels, whereas demand effects—from higher airfares—lead to an 218 

additional decline of up to 10%. Altogether, the combined pathways can reduce year-2050 WTW 219 

CO2 emissions by around 95% relative to baseline runs that include aircraft energy intensity 220 

improvements only, and by over 89% relative to 2019 levels. These reductions are enabled by 221 

year-2050 biofuel use of 6.6 EJ (biofuel + PTL pathway) and 11.2 EJ (biofuel + LH2 pathway); 222 

year-2050 PTL and LH2 use is 17.9 and 11.5 EJ respectively. However, year-2050 non-CO2 223 

impacts are around 10% higher than those in 2019 because only 60% of the cumulative non-CO2 224 

impacts compared to baseline runs can be addressed. This reflects that contrail avoidance is 225 

assumed to reduce contrail radiative forcing by 50% only, with additional benefits available from 226 

fuel composition changes. Other non-CO2 impacts, e.g. from water vapor emissions, remain 227 

unaddressed (ED Fig. 6, 7). 228 

The required discounted investments associated with the aviation energy transition are 229 

around $1.7 tln over the 30-year study period (12% lower than in the corresponding single-fuel 230 

PTL pathway), of which around 45% are associated with renewable power generation. In the 231 
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context of a broader transition of a net-zero global energy system, middle demand scenario non-232 

discounted investments are around 2.2% of those required in the global energy and industrial 233 

system. 39  234 

Aircraft operating costs increase at most by 10-16% relative to the baseline Jet-A 235 

scenario over the study period. These increases are relatively small because alternative fuel costs 236 

decrease and aircraft energy efficiency increases over time, mitigating the cost increase 237 

associated with higher levels of alternative fuel mandate in later years. Almost the entire cost 238 

increase is passed through to ticket prices, leading to 0.3-0.4% p.a. lower average RTK growth 239 

rates for the middle demand scenario; ED Figs. 8-10).  240 

 241 

[Figure 2] 242 

 243 

 244 

Discussion 245 

An energy transition towards synthetic low-carbon fuels is a necessary condition for the 246 

aviation sector to achieve the net-zero goal. Improvements in air transport fuel efficiency, driven 247 

largely by market forces, can address about a quarter of the projected 2050 lifecycle WTW 248 

CO2eq emissions. These cost-effective reductions will also be an important enabler for the 249 

needed energy transition since they reduce investment requirements for fuel production, limit the 250 

need for higher-cost fuels, and thus mitigate increases in airline operating costs and airfares. 251 

Low-carbon alternative fuels can reduce 2050 lifecycle CO2eq emissions by an additional 40% 252 

and—in combination with reduced air transport demand due to the higher costs of these fuels—253 

bring aviation 2050 CO2 emissions close to zero. This requires LH2 and PTL fuels with zero 254 
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lifecycle CO2eq emissions, i.e., the embedded emissions of power generation to be zero (SI). 255 

Drop-in biofuels could play a critical role in the fuel transition over the coming decade, given 256 

their near-term availability. However, as biofuel production is scaled up over time, constrained 257 

biomass availability could limit production volumes and increase costs (SI Section 1). Thus, 258 

biofuels could be supplemented by a second wave of fuels which use renewable electricity as a 259 

major feedstock – i.e., LH2 and drop-in PTL. PTL could fully displace other fuel sources by 260 

2050; due to fleet turnover limitations, 100% use of LH2 is unlikely before 2080. The choice of 261 

either PTL or LH2 will depend on the cost of atmospheric CO2 capture and syngas-to-fuel 262 

conversion, the upfront cost and practicability of hydrogen aircraft and fuel infrastructure, and 263 

potentially these fuels’ non-CO2 impacts. The extent and timing of the introduction of PTL and 264 

LH2 over biofuels depends on their relative cost to biofuels and technology readiness. Our 265 

analysis relies on optimistic assumptions from the literature; later technology readiness or higher 266 

costs could delay or reduce the scale of PTL or LH2 adoption.   267 

The non-CO2 effects are harder to abate and still have significant impact in 2050.  268 

Contrail avoidance partly addresses the non-CO2 impact of aviation by reducing contrail impacts 269 

– perhaps conservatively estimated – by 50% for a 1% fuel burn penalty or 0.2% increase in 270 

aircraft direct operating cost. However, the reduction in non-CO2 emissions is incomplete. 271 

Further research is needed to address the remaining gap, along with other impacts currently not 272 

considered in this analysis (e.g., climate impacts of hydrogen leakage40).  273 

The scale of the energy transition, requiring 1,000 GW-scale LH2 plants or 5,000-6,000 274 

MW-scale-biofuel plants in 2050, as well as build-up of power generation infrastructure, requires 275 

investments of order $1-2 trillion (discounted to 2019). Without policy intervention, there does 276 

not seem to be a business case, as the alternative fuels are not projected to reach cost parity with 277 
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fossil Jet-A. Large-scale, long-term and globally coordinated political incentives are needed to 278 

drive this transition.  279 

At the same time, our models of market feedbacks suggest that the aviation sector could 280 

be able to fully cover the cost of the transition. The projected airfare increases associated with 281 

the transitions in the combined pathways are limited to 10-15% compared to a baseline without 282 

energy transition, with increasing fuel costs partly offset by energy efficiency improvements. As 283 

such, the air transport sector could continue to grow through this transition, thereby enabling 284 

larger shares of the global population to use and benefit from air transportation. However, in 285 

light of low airline profitability, less profitable carriers could be forced to exit markets. Our 286 

model cannot capture such changes to sector structure.   287 

Our analysis shows that that the aviation sector could move towards a zero-impact CO2 288 

system if predictable, long-term incentives are created. Such measures do not require shifting the 289 

cost of the transition away from the aviation sector but can be absorbed by airlines and 290 

customers. However, the required technologies (i.e., biofuels, PTL, LH2 aircraft, and contrail 291 

avoidance) to achieve these goals still require development and scale-up. Additional measures, 292 

such as encouraging mode shifts, as well as measures to reduce non-CO2 impacts, may further 293 

improve the viability of the transition. For the aviation sector to contribute substantially towards 294 

the goals of the Paris Agreement by mid-century, the transition needs to start now.  295 
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Tables 324 

Table 1  Characteristics of energy carriers suitable for commercial aviation 325 

 Jet A Drop-in Fuels Cryogenic Fuels Electricity 
Low-
cost 
Biofuels 
(1) 

High-
Cost 
Biofuels 
(1) 

Power-to-
Liquids 

Low-Cost 
SLNG (2) 

High-
Cost 
SLNG 

Liquid 
Hydrogen 

Feedstock Crude 
oil 

Waste 
& plant 
oils; 
FTL 
from 
MSW* 

Cellulosic 
biomass 

Hydrogen 
& atmosph. 
CO2 (3) 

Animal 
manure, 
municipal 
wastewater 

Hydrogen 
& 
atmosph. 
CO2 

Water & 
renewable 
electricity 

Solar, 
wind 

Fuel Supply Characteristics 
Electricity intensity 
in 2020 (2050), 
kWh(el)/kWh(fuel) 
(4) 

~ 0 0.02 <0.01 2.1 (1.9) 0.05 2.0 (1.8) 1.8 (1.5) 1.0 

Capital intensity, 
mln $/boe/d in 
2020 (2050) (5) 

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) 0.14 
(0.07) 

Production costs in 
2020 (2050), 
$/bbl(JFE) 

6 – 22 
(6 – 
110) 

150 – 
230 
(130 – 
210) 

180 – 290 
(160 – 
260) 

380 
(100/200)(8) 

110 – 230 
(110 – 
230) 

390 (110) 440 
(130/195)(8) 

60 – 150 
(30 – 70) 
 

Fuel resource 
potential, EJ 

24,000- 
98,000 

0.3 – 
20.5 (6) 

60 – 110 
(6) 
 

unlimited 30 (6) unlimited unlimited unlimited 

Climate impact intensity, gCO2(eq)/MJ 
Upstream (WTT) 14.3 -61.7 –  

-36.1 
-62.7 –  
-51.0 

-70.4 -104.7 –  
-45.8 

-56.4 0.0 0.0 

     of which CO2 11.9 -65.9 –  
-48.0 

-63.0 –  
-58.8 

-70.4 -75.1 –  
-57.0 

-56.4 0.0 0.0 

     of which non-
CO2 (7) 

2.4 1.3 – 
23.1 

0.4 – 11.4 0.0 -29.6 –  
11.2 

0 –  
13.9 

0.0 0.0 

Combustion 
(TTW) 

104.0 94.1 94.1 94.1 95.5 95.5 35.1 0.0 

     of which CO2 73.2 70.4 70.4 70.4 56.4 56.4 0.0 0.0 
     of which non-
CO2, central value 
(uncertainty) (7) 

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 

Lifecycle (WTT + 
TTW) 

118.3 32.4 – 
58.0 

31.4 – 
43.1 

23.7 -9.2 – 40.5 39.1 35.1 0.0 

    of which CO2 85.1 4.5 – 
22.4 

7.4 – 11.6 0.0 (5) -18.7 – -
10.6 
 

0.0 0.0 0.0 

    of which non-
CO2(7) 

33.2 25.0 – 
46.8 

24.1 – 
35.1 

0.0 9.5 – 50.3 39.1 – 
53.0 

35.1 0.0 

    % of lifecycle 
Jet A 

100 27 – 49 
 

27 – 36 
 

20 -8 – 34 
 

33 30 0 

Table Notes:    326 
(1) The biofuels production cost range is determined by feedstock and conversion pathways; lower end: HEFA fuels and 327 

waste; higher end: energy crops. (2) The cost range of low-cost SLNG is determined by feedstock; lower end: agricultural 328 
residues, higher end: energy crops. (3) See SI Section 1.3. (4)  The electricity intensity captures external electricity input. 329 
Therefore, the electricity intensity of refineries is around zero, as nearly all electric power is produced onsite.  (5) Capital intensity 330 
is measured in mln dollars of investments per barrel of oil equivalent (boe) per day. (6) Resource potential of low-cost biofuels 331 
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from ref.24. High-cost biofuels resource potential corresponds to the lower end and higher end in Table 7.34 (ref. 25), assuming a 332 
50% biomass to fuel conversion efficiency. The low-cost SLNG potential is based upon ref. 26  (7) The CO2eq values in this table 333 
are derived using Global Warming Potential with a 100-year time horizon (GWP100. The relative impact of CO2 to non-CO2 is 334 
sensitive to time horizon (SI Sections 3.2, 3.3) CO2-eq emissions of renewable electricity are assumed to be zero.  (8) Higher 335 
number: sensitivity case. In case of PTL, consistent with DAC costs of $280 per tonne CO2 at hydrogen production costs of $1 336 
per kg. 337 

 338 

 339 

 340 

Table 2  Scenario variables and outcomes in the reference scenarios and single-pathway 341 

abatement scenarios 342 

 Low Demand Middle Demand High Demand 
 Baseline 

(fossil Jet-
A) 

Single 
alternative fuel 
scenarios 

Baseline 
(fossil 
Jet-A) 

Single 
alternative fuel 
scenarios 

Baseline 
(fossil Jet-A) 

Single alternative 
fuel scenarios 

RTK growth, %/yr (2019-
2050) 

2.4  1.8-2.4 (3) 3.7  3.1-3.7 (3) 4.1  3.5-4.0 (3) 

Aviation direct energy use 
in 2050, EJ (c.t. 13 EJ in 
2019) 

17.7  
 

15.0-17.6 (1) 26.4  22.3-25.8(1) 29.4  24.9-28.6(1) 

   of which EJ provided by 
alternative fuel 

N/A  7.9-17.2(2) N/A  12.9-25.6(2) N/A  14.9-28.5(2) 

  Well-to-wake CO2 
emissions in 2050, Mt (c.t. 
1,070 mln tonnes in 2019) 

1,510  
 

0-822 (3) 2,240  0-1,100(3) 2,490  0-1,170 (3) 

  Cumulative (2019-2050) 
well-to-wake CO2 
emissions, Gt  

40.1  
 

24.9-35.3 (4) 50.0  28.0-42.3(4) 53.4  29.5-44.7(4) 

  Cumulative discounted 
climate costs, tln 
US$(2020)  (10) 

13.1   9.9-12.1(5) 15.9  11.7-14.3(6) 16.9  12.3-15.1(7) 

Cumulative discounted 
(2019-2050) alternative 
fuel supply investments, tln 
US$(2020) 

N/A  0.54-1.36 (8) N/A  0.83-1.93 (8) N/A  0.94-2.12(8) 

 Change over 2019 
constant-price airfare in 
2050, % (per RPK) 

-4.0  
 

-2.1-14 (9) -2.3 -0.8-16 (9) -1.3  
 

0.4-17 (9) 

Table Notes:  343 
(1) Lower end biofuels, higher end LH2. (2) Lower end LH2, higher end PTL.(3) Lower end PTL, higher end LH2. (4) 344 

Lower end biofuels, higher end LH2. (5) Central values and 95% CI: 13.1 (3.2-32.9; baseline); 10.1 (2.5-25.4; PTL); 9.9 (2.5-24.9; 345 
biofuel); 12.1 (3.0-30.4; hydrogen). For comparison purposes, climate costs are calculated using RCP2.4 and SSP2. (6) Central 346 
values and 95% CI:  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). (7) 347 
Central values and 95% CI: 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). 348 
(8) Lower end biofuels, higher end PTL. Discount rate = 2%. (9) Lower end LH2, higher end biofuels.  349 
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Figure Legends 350 

 351 

Figure 1  Model outputs for single-fuel pathways in the middle demand scenario. (See SI-352 

Section 6 for other demand scenarios). (a) RTK, (b) average ticket price, (c) fossil jet fuel use, 353 

(d) alternative fuel use, (e) low-carbon electricity required for fuel production, (f) number of 354 

synfuel plants in operation, (g) cumulative discounted synfuel plant investment costs, (h) 355 

combined well-to-wake CO2 emissions, (i) combined well-to-wake CO2 equivalent GHG 356 

emissions including non-CO2 effects on a GWP100 basis. Additional panels showing non-CO2 357 

effects by GWP20, GWP500, radiative forcing, and global mean surface temperature change are 358 

included in the SI. Historical RTK and ticket revenue data is from ICAO41 359 

 360 

 361 

Figure 2  Middle demand scenario related model outputs for two combined pathways aimed at 362 

minimizing year-2050 aviation climate impact, biofuels + PTL and biofuels + hydrogen. (a) 363 

Reduction in CO2eq (GWP100) emissions by type of mitigation strategy, biofuels + PTL pathway; 364 

(b) reduction in CO2eq emissions by type of mitigation strategy, biofuels + hydrogen pathway; 365 

(c) cumulative discounted plant investment costs, biofuels + PTL pathway; (d) cumulative 366 

discounted plant investment costs, biofuels + hydrogen pathway. The contribution of each source 367 

to emissions reductions is approximate, as there is interdependency between mitigation 368 

measures. E/RTK (existing designs) includes changes in CO2eq from aircraft designs with pre-369 

2025 entry into service. E/RTK (LF, ops. & ATM) includes the impact of changes in load factor, 370 

operational mitigation measures (e.g., reduced taxi time), and changes in CO2eq from network 371 

change over time (e.g., longer average flight length). RTK reduction results from higher airfares 372 
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induced by the energy transition. Non-CO2 includes contrail avoidance and non-CO2 impacts of 373 

alternative fuel use. A CO2-only version of this figure, metrics for high and low demand scenario 374 

runs, and results including GWP20 and GWP500, radiative forcing, and temperature change are in 375 

SI Section 6.  376 

 377 

 378 

 379 

380 
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Methods 481 

We assess technology adoption scenarios towards a net-zero aviation sector through a 482 

system level approach. The model builds on combining (1) the global aviation systems model 483 

(AIM) to model future market development, demand feedbacks and technology adoption in a 484 

consistent framework; (2) the reduced-order climate model APMT Impacts Climate to capture 485 

CO2 and non-CO2 impacts of aviation emissions under current and future scenarios; (3) detailed 486 

assessments of techno-economic characteristics and lifecycle GHG emissions of alternative fuel 487 

pathways; (4) a meta-study for assessing the opportunities and costs of contrail avoidance 488 

through flight route adjustments; and (5) a detailed scenario approach. 489 

 490 

Aviation Integrated Model (AIM) 491 

The Aviation Integrated Model (AIM) is an open-source global aviation systems model 492 

simulating future passenger and freight demand for trips between 878 city regions worldwide 493 

(1,169 airports; 40,264 distinct flight segments); airline fleets and operations; operating costs and  494 

impact on itinerary-level ticket prices, freight rates and technology choices; airport schedules and 495 

delay; emissions outcomes including CO2, NOx and PM; and how outcomes change in the 496 

presence of different policies or new technologies. AIM2015 and its component modules have 497 

been widely used for policy assessment, including for the EC36 and UK DfT.42 Details of model 498 

structure, methodology, and validation are given in refs. 19,20.  499 

AIM2015 allows us to capture second-order impacts of energy transition-related policies. 500 

For example, AIM2015’s cost model includes a detailed flight segment-level model of fuel and 501 

non-fuel operating costs by aircraft and route type. 20 If a technology with higher operating costs 502 

is used on that segment, the model projects impacts on itinerary ticket prices and freight rates, 503 
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and subsequent impacts on demand and required amounts of fuel. For this study, global fuel 504 

blending mandates, beginning in 2025 and rising to 100% in 2050, are simulated and, in the case 505 

of hydrogen aircraft, a mandatory hydrogen requirement for new purchases is simulated (phased 506 

in over 5 years from hydrogen aircraft first entry into service). A Net Present Value (NPV) 507 

model is used to assess uptake of other new aircraft technologies and technology-fuel 508 

combinations within those consistent with mandate requirements. For drop-in fuels, adoption is 509 

based on the lowest cost to airlines once any mandate requirements, carbon, NOx or contrail-510 

related costs are factored in, with other fuels additionally used where supply or blending limits 511 

prevent satisfaction of demand. These models are further described in ref. 43, including 512 

assumptions about airline costs and performance modelling. 513 

The characteristics of future generations of conventional aircraft and operational 514 

emissions mitigation measures or retrofits to existing aircraft are taken from refs. 10,21,43. For 515 

electric aircraft, performance characteristics, including range limitations, are taken from ref. 44 516 

for single-aisle aircraft, and ref. 45 for regional jets. Operating cost characteristics are derived 517 

from ref. 46. For this study, LH2 aircraft were added to the model. Literature LH2 aircraft 518 

performance characteristics range from more to less energy-efficient than conventional designs 519 

e.g. refs. 47,48, depending mainly on assumptions about tank design. In addition, considerable 520 

uncertainty exists about hydrogen aircraft capital and maintenance costs. For simplicity, we 521 

assume energy intensity and nonfuel operating costs of LH2 aircraft equal to those of 522 

conventional aircraft of a comparable generation and size, i.e. that the operating cost difference 523 

between conventional and hydrogen aircraft is dominated by fuel costs. We assume hydrogen 524 

combustion rather than fuel cell-powered propulsion, as the extra weight of fuel cells reduces 525 

their feasibility for mid- and long-haul flights. 48 A detailed fuels module was also developed for 526 
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this study to simulate alternative fuel costs and characteristics over time. The assumptions used 527 

in this module are documented separately below (‘Fuel Modelling’). Model scenario-related 528 

inputs are discussed in ‘Scenario Modelling’ below.  529 

 530 

Climate impact modeling 531 

We model the climate impacts of aviation emissions using the Aviation environmental 532 

Portfolio Management Tool - Impacts Climate (APMT-IC) as described in refs. 3,49. APMT-IC 533 

probabilistically evaluates the physical climate impacts from global aviation emissions and 534 

estimates the associated monetary damages. Our use of this model is two-fold. First, we use it to 535 

derive Global Warming Potentials (GWP) for each of the precursor emissions (SI Section 3.2). 536 

These GWP values are used convert non-CO2 emissions to CO2eq emissions. Second, we use it 537 

to calculate radiative forcing and atmospheric surface temperature change response for each the 538 

future emissions pathways generated by AIM. 539 

The implementation of APMT-IC used here is described in refs. 3,49. The model has been 540 

updated to capture recent research results (1) on the contrail-cirrus forcing and subsequent 541 

expected atmospheric temperature response to this forcing4,50; (2) on the NOx-related methane 542 

forcing; (3) on the cost of global warming; and (4) updates to account for non-CO2 impacts of 543 

drop-in alternative fuels, LNG, and LH2.  544 

Following ref. 4, we update the contrail-cirrus radiative forcing (RF) in APMT-IC to 545 

explicitly separate the estimation of RF and effective RF (ERF, the change in energy forcing 546 

after certain short-term climate feedbacks have occurred). For RF, we apply a triangular 547 

uncertainty distribution with a minimum value of 20.9 mW/m2, mid value of 69.78 mW/m2, and 548 

upper bound of 118.62 mW/m2 for distance flown in 2006.51–54 We also align with the ERF/RF 549 
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adjustment from ref. 4 and apply a triangular uncertainty distribution with a mid-value of 0.417, 550 

minimum value of 0.31 and maximum value of 0.59.50,55,56 This adjustment allows us to capture 551 

the expected temperature change associated with the updated contrail-cirrus RF. 552 

We note some unquantified uncertainties are not captured in this approach. Firstly, while 553 

this ERF/RF adjustment captures the difference in temperature change from short term RF, this 554 

ERF/RF may not necessarily provide an accurate measure of long-term temperature response.50,57 555 

Secondly, the adjustment factors from refs. 55,56 represent long-term climate feedbacks for linear 556 

contrails only, derived using contrail formation more than 50 times expected contrail coverage in 557 

2050. This upscaling may cause saturation of feedback effects such as cloud formation.58–60 After 558 

these adjustments, we find a 33% net reduction in temperature change associated with contrail-559 

cirrus per distance flown as compared to ref. 3. Additionally, we normalize contrail impacts by 560 

the AEDT distance for flights in 2006 as reported in ref. 4.  561 

The second update aligns the NOx-related methane forcing with more recent literature on 562 

the radiative interaction of methane. Following the method of ref. 4, we increase the forcing of 563 

NOx related methane forcing by 14%. This accounts for additional short wave RF previously not 564 

accounted for in the methane radiative transfer function calculations.61 Except for contrails, 565 

ERF/RF adjustment factors from ref. 4 are not included for in-flight emissions. These factors 566 

remain highly uncertain, and remain a research need for in-flight aviation emissions. 58 567 

The third update aligns estimated costs of global warming with more recent literature 568 

values. Previously, APMT-IC used the damage function from the Dynamic Integrated Climate-569 

Economy (DICE) model62, which is consistent with the social cost of carbon as proposed by the 570 

US Interagency Working Group on Social Cost of Carbon.63 This damage function was based on 571 

a meta-analysis of 17 studies quantifying market and non-market damages.62 Recent reports 572 
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indicate that traditional integrated assessment models, including DICE, lag recent research on 573 

climate damages.64,65 In this study, we apply the damage function from ref. 66, as described in ref. 574 

67. This damage function is based on a meta-analysis of a larger number of damage estimates 575 

from literature and explicitly treats dependencies between different underlying studies to avoid 576 

overrepresentation of results from specific studies. This change leads to social cost of carbon of 577 

246 USD2020/tonne CO2 (90% confidence interval 61.4 to 624) for RCP2.6 and SSP2 background 578 

scenarios and a 2% discount rate. For a 3% discount rate, RCP4.5 and SSP1 the social cost of 579 

carbon in 2020 is 158 USD2020/tonne CO2 (90% confidence interval 46.4 to 352) in 2020 USD. 580 

While this represents a factor ~2.8 increase above the previous APMT-IC social cost of carbon, 581 

these values are in-line with recent literature global social cost of carbon estimates of 80 - 805 582 

USD.67–69 583 

Finally, due to changes in the non-CO2 emissions footprint of LH2, LNG and SAF, the 584 

subsequent climate impacts are also expected to differ.70,71 For each fuel considered, we derive 585 

adjustment factors by emission species based on a literature survey. These factors capture  586 

changes in RF per unit fuel energy for each fuel relative to conventional Jet-A. A summary of 587 

adjustment factors is provided in Section 3 of the SI.  588 

 589 

Alternative fuel pathways 590 

The following fuel and fuel production pathways are considered in this analysis:  591 

- Liquid hydrogen (LH2): We consider liquid hydrogen produced via water electrolysis 592 

and subsequent liquefaction, both powered by renewable electricity. The electrolysis of 593 

water is modeled based on the proton-exchange membrane (PEM) technology and 594 

follows the varying load of renewable electricity. The produced hydrogen gas is stored in 595 
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a compressed gas tank to enable continuous operation downstream. Liquefaction of 596 

hydrogen is performed at continuous load and the liquid product is stored for further use. 597 

- Power-to-liquid fuels (PTL): We consider power-to-liquids based on hydrogen from 598 

water electrolysis and CO2 from direct air capture. Hydrogen is produced at varying loads 599 

from PEM water electrolysis and stored in a compressed-gas tank. CO2 is continuously 600 

extracted from the atmosphere via physical adsorption in a direct air capture process 601 

(DAC). CO2 and H2 are continuously converted to syngas (H2+CO) via the reverse water 602 

gas shift process (RWGS). The syngas is converted into hydrocarbons via the Fischer-603 

Tropsch process (FT), where the gaseous fraction is cycled back to the RWGS reaction to 604 

be turned into syngas. The resulting synthetic crude is converted into jet fuel and by-605 

products using refining process steps.  606 

- Biofuels: We consider biofuels produced from dedicated biomass and waste streams 607 

including the following pathways: HEFA (hydrogenated esters and fatty acids) process 608 

using dedicated vegetable oil crops (e.g., soybean, rapeseed, jatropha, palm oil) and 609 

FOGs (fats, oils, and greases; specifically used cooking oil and tallow), advanced 610 

fermentation of sugar crops, and Fischer-Tropsch synthesis of municipal solid waste, 611 

lignocellulosic material (forestry residues, agricultural residues, and dedicated feedstock 612 

such as switchgrass and miscanthus).  613 

- Synthetic natural gas: Hydrogen is produced via water electrolysis using renewable 614 

electricity; CO2 is captured from the atmosphere via low-temperature pressure-swing 615 

adsorption. Natural gas is then synthesized from H2 and CO2 via the Sabatier process, and 616 

the methane is subsequently liquefied for aviation use. Another pathway to synthetic 617 
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natural gas is via anaerobic digestion of biomass to produce biogas, which is then cleaned 618 

and liquefied.  619 

 620 

The availability of fuels produced from electricity, water, and CO2 (PTL, SLNG) is in 621 

principle unlimited as the feedstock potentials can be leveraged at practically any scale. 622 

However, the specific availability at a point in time depends on the rate at which production 623 

capacity can be ramped up and the policy priority given to aviation for using scarce input factors 624 

such as electricity or biomass. We assume the main constraint on LH2 ramp-up is fleet 625 

penetration of LH2 aircraft; for PTL and biofuels, maximum ramp-up rates are set using a 626 

combination of near-term literature estimates of supply and longer-term estimates of aviation 627 

fuel demand (SI Section 1). For single-fuel pathways, biomass availability is modeled after ref. 628 

24’s  F1-A1-S2 scenario, assuming full availability of the fuels for aviation such that biofuel 629 

potential is essentially unlimited (over twice the expected demand of less than 30 EJ/y in 2050). 630 

These assumptions are used as the fundamental availability for these pathways, while the specific 631 

use of fuels is then determined with the AIM model taking into account demand effects, mandate 632 

levels, scale-up behavior and prices. For the combined-pathway model runs a more constrained 633 

biomass supply is assumed, rising to a maximum of 21.7 EJ in 2050, based on Ref. 37 (SI Section 634 

1). 635 

Production costs: We determine alternative fuel pathway costs (except for biofuel 636 

pathways) with the levelized cost of energy approach. To this end, we determine the investment 637 

costs of the facilities based on energy and mass balances, and component cost estimates from the 638 

literature. We assume improvements of component efficiencies and energy demands in line with 639 

recent publications. The levelized costs of intermittent renewable electricity is assumed to be 640 
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$0.04/kWh today at a capacity factor of 30% and $0.02/kWh at 50% in 2050, where these 641 

estimates are based on a mix of solar PV and onshore wind technologies. Additionally, we 642 

include energy storage for parts of the facilities that must run continuously and thus use an 643 

LCOE of $0.10/kWh (year 2020) and $0.05/kWh (year 2050) for renewable electricity that is 644 

available around the clock. The costs are annualized assuming a lifetime of 20 years and a 645 

discount rate of 10%.  The minimum selling price of the different biofuel pathways is based on a 646 

discounted cash flow rate of return analysis as shown in ref. 72 647 

GHG emissions: The life cycle emissions of electricity from solar PV and wind are 648 

assumed to be zero (see SI Section 1 for estimate on embedded emissions). While currently there 649 

are still embedded emissions in the production of PV modules and wind turbines, these are 650 

expected to approach zero with the decarbonization of the economy. For GHG emissions of 651 

biofuels, we use literature values from ref. 24. for the different pathways in our study. The authors 652 

indicate values for today and for 2050, and we use linear interpolation to get values in between. 653 

We neglect embedded emissions of all infrastructure for the fuel pathways due to the expected 654 

small impact (see SI Section 1, for estimates). We use literature information on different biofuel 655 

pathways to break out different species (CO2, CH4, N2O) in direct emissions of greenhouse 656 

gases.23,73–75 The climate impacts of hydrogen leakage (either from PTL or LH2 production) are 657 

not included here and remain highly uncertain due to uncertainties in leakage rates and climate 658 

impacts. 40,76 Other non-CO2 impacts on the atmosphere are discussed in ‘Climate impact 659 

modeling’ above, ‘Contrail avoidance modeling’ below, and in Section 3 of the SI.  660 

Contrail avoidance modeling 661 

Reaching net zero climate impacts from aviation will require avoiding contrail formation. 662 

One strategy of contrail avoidance relies on small scale altitude adjustments to avoid flying 663 
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through atmospheric locations with where contrails can form (refs. 32,33,77). These diversions lead 664 

to a small fuel burn penalty (typically less than 5% of fleetwide fuel consumption) compared to a 665 

counterfactual case with fuel-optimal operations. In addition, only 2% of flights have been found 666 

to be responsible for 80% of contrail forcing in some regions; in turn, less than 2% of flights 667 

would have to be diverted to avoid contrail warming impacts27.   668 

Contrail avoidance is modelled using results from our contrail avoidance meta-analysis 669 

based on a literature review of five different studies34,77–80 (SI Section 2). Using these studies, we 670 

estimate the relationship between contrail avoidance and fleet-wide fuel burn penalty as shown 671 

in Equation 2, where fሺxሻ represents the fraction increase in fuel burn for the x fraction contrail 672 

length avoided and C଴, Cଵ and Cଶ represent the shape parameters to be estimated.  673 

fሺxሻ =  C଴  ൬−1 + CଵCଵ − x൰େమ Eq. 2 
 

Performing this curve fit yields coefficients of C଴ = 0.011, Cଵ = 1.161, and Cଶ = 0.906. 674 

The resulting route mean square error (RMSE) is 0.0891, leading to a normalized RMSE of 11%, 675 

where this normalization is taken to the maximum fuel burn fraction increase. The central 676 

estimate of the curve fit indicates 50% of fleet-wide contrail length can be avoided for a 0.88% 677 

fleet-wide fuel burn penalty (5th to 95th percentile range 0 to 2.51). Thereafter avoiding 678 

subsequent contrails becomes more fuel costly, with an additional 20% avoidance requiring 679 

double the additional fuel. 680 

Using this meta-analysis, a single mid-range contrail avoidance scenario is selected for 681 

our combined technology pathways in which 50% fleet-wide contrail avoidance can be achieved 682 

at a 1% fleet-wide fuel burn penalty. This represents a higher fuel burn penalty than the central 683 

estimate of the meta-analysis, to account for the range in estimates in literature. The 50% length 684 
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avoidance is lower compared to other studies, which calculate maximum contrail impact 685 

avoidance of 70-80%. However, this mid-range value of 50% is selected since high rates of 686 

avoidance will cause increased strain on airspace and air traffic control27 and maximum rates of 687 

contrail avoidance may be difficult to achieve with current weather prediction data. 27This 688 

contrail avoidance trade-off likely differs for alternative energy carriers such as hydrogen, but 689 

data on these differences remains unavailable. Therefore, we apply the same results from 690 

Equation 2 for alternative fuels (SI Section 2).  691 

 692 

Scenario approach 693 

The global potential of technologies and fuels to reduce aviation emissions is limited by 694 

supply, ramp-up rate and fleet turnover. These factors interact with demand growth. As such, we 695 

examine outcomes across three demand scenarios, described below. For each demand scenario, 696 

we run: baseline model runs (with operational and efficiency improvements, but no energy 697 

transition or additional aviation policy); single-fuel pathways (model runs with operational and 698 

efficiency improvements and energy transition to a single alternative fuel (biofuels, PTL and 699 

hydrogen) only); and, based on the outcomes of the single-technology scenarios, combined 700 

pathways (model runs with operational and efficiency improvements, contrail avoidance, and 701 

biofuels as a bridging fuel to PTL or hydrogen).  702 

Uncertain AIM scenario inputs include future population, GDP/capita, oil prices, and 703 

whether the relationship between demand growth and income growth will change as aviation 704 

systems mature. The development of scenarios for input assumptions which take account of the 705 

COVID19 pandemic is described in ref. 19. Baseline population and GDP/capita growth rates are 706 

derived from the IPCC SSP scenarios,81 adjusted for COVID19 pandemic GDP/capita impacts 707 
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(ref. 82), and impacts of movement restrictions on demand and load factors (refs. 83,84). The 708 

scenarios used in this paper (summarized in SI Section 5) are: a high growth scenario based on 709 

IPCC SSP1 socioeconomic factors, leading to aviation demand growth comparable to recent 710 

historical trends; a central scenario based on IPCC SSP2 socioeconomic factors, leading to 711 

demand growth similar to industry projections; and a low scenario based on IPCC SSP3 712 

socioeconomic factors, which leads to post-pandemic demand growth which is lower than 713 

historical trends. The low demand scenario includes demand growth decoupling from economic 714 

growth, at the level used in ref. 85; this assumes a gradual trend towards income elasticities of no 715 

more than 0.6 over a 70-year period. For reference cases, we use IEA SDS oil price projections86, 716 

which are consistent with a level of policy ambition which falls short of net zero CO2 in 2050. 717 

Because seeking to achieve net zero CO2 emissions in aviation implies a high level of climate 718 

ambition in other sectors, we use lower oil prices post-2040 in scenarios where there is 719 

significant use of alternative technology in aviation (transitioning from the SDS trajectory to the 720 

IEA NZE projections 7 (SI Figure 2). Future technology costs and capabilities are also uncertain. 721 

For this paper, the key sensitivity is to fuel costs and we address this through the use of 722 

alternative fuel cost projections, as discussed in the main paper. 723 

 724 

Data availability 725 

The datasets generated during the current study are available from the corresponding 726 

author on reasonable request. 727 

 728 

 729 

 730 
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Code availability 731 

A version of the open-source code of the Aviation Integrated Model AIM2015, adjusted 732 

to remove confidential data, underlying this study can be downloaded at 733 

http://www.atslab.org/data-tools/  734 

  735 
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