
Aviation is an enabler of 
fast intercontinental 
transportation.

Development of nonstop and onestop
connectivity at all global airports
MIT Global Connectivity Index

Air connections are 
associated with 
economic, cultural and 
societal benefits.

Access to air 
transportation is 
increasingly becoming 
ubiquitous around the 
globe.
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At the same time, aircraft are associated with emissions…
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… and the emissions are associated with impacts
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Jet fuel price: $840/tonne: 
Societal harm is comparable 
to economic cost of jet fuel.
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* Using carbon from waste streams provides a carbon benefit if the carbon 
content of the waste stream would have been released to the atmosphere 
anyways.



3 main limitations of biomass-derived SAF:

When accounting for the lifecycle 
emissions of their production, they 
are rarely zero-carbon fuels.
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“Field-to-wake” approach



3 main limitations of biomass-derived SAF:

When accounting for the lifecycle 
emissions of their production, they 
are rarely zero-carbon fuels.

1
Default “Field to wake” LCA of selected pathways

-20 0 20 40 60 80 100

FT: Forestry residues, Global

FT: MSW (40% NBC), Global

FT: Switchgrass, USA

HEFA: Used cooking oil, Global

HEFA: Soybean oil, USA

HEFA: Palm oil – closed pond, Malaysia

HEFA: Palm oil – open pond, Malaysia

ATJ (iBuOH): Forestry residues, Global

ATJ (Ethanol): Corn grain, USA

SIP: Sugar beet, EU

Carbon Intensity (gCO2e/MJ)

Core LCA ("Process") ILUC ("Land Use")

Petroleum 
baseline

Source: CORSIA Default Values



3 main limitations of biomass-derived SAF:

When accounting for the lifecycle 
emissions of their production, they 
are rarely zero-carbon fuels.

1

Biomass-derived SAF come at a 
cost premium; incentives needed 
to create willingness-to-pay.
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3 main limitations of biomass-derived SAF:

When accounting for the lifecycle 
emissions of their production, they 
are rarely zero-carbon fuels.
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Biomass-derived SAF come at a 
cost premium; incentives needed 
to create willingness-to-pay.
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Source: CORSIA “Rules of Thumb”



3 main limitations of biomass-derived SAF:

Availability of biomass feedstocks 
is likely to limit the potential for 
SAF production.

3

Overall primary bioenergy availability
likely 55 – 300EJ/yr in 2050:

• Residues only: 5-50 EJ/yr
• Energy crops: 50-250 EJ/yr

28

59

19

11

Maritime 
Shipping

Aviation TotalHeavy-duty 
trucking

vs.
Expected year-2050 energy demand, 
tough to decarbonize transportation

Other 
biomass 
needs:
• Chemical 

industry 
• BECCS
• …
Need to use
limited
biomass
efficiently!



Fossil 
Jet-A

Waste- and 
biomass-based 

SAF 

Power-and-
biomass-to-

Liquid (PBtL)
Power-to-

Liquid

Drop-in or near-drop-in SAF
C

 s
ou

rc
e 

&
 

C
 b

al
an

ce
H

 
so

ur
ce

Fossil carbon

Fossil H2

Biomass and waste 
streams*

Biomass and waste 
streams; currently 
supplemented by 
H2 produced from 

SMR

Biomass Atmospheric CO2
or waste CO2

streams

Biomass and H2
produced from 

renewable 
electricity

H2 produced from 
low-carbon 
electricity

Fossil fuel
combustion

Geosphere

Atmosphere

Biosphere

Atmosphere

Photo-
synthesis

Biofuel
combustion

Atmosphere

Synthetic fuel

Synfuel
combustion

Direct Air 
Capture

* Using carbon from waste streams provides a carbon benefit if the carbon 
content of the waste stream would have been released to the atmosphere 
anyways.



The potential availability of PtL
fuels is largely limited by the 
required power generation.

1
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cost-
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curves for 
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PtL fuels are not necessarily zero-
carbon fuels if one accounts for the 
broader systems emissions.

2

The potential availability of PtL
fuels is largely limited by the 
required power generation.

1
LCA Scope:
• Inputs: Renewable electricity associated with embodied 

emissions of power generation
• Conversion:

Emissions associated with catalyst production
• Fuel transportation: As implemented for biofuels

Global 
median LCA 
value 
(future technology)

5.9
gCO2e/MJ



PtL fuels are not necessarily zero-
carbon fuels if one accounts for the 
broader systems emissions.

2

PtL fuels are expensive today but 
may be within range of biomass-
based SAF with technical progress

3

The potential availability of PtL
fuels is largely limited by the 
required power generation.

1 3.0

1.2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

MSP ($/L)

FutureCurrent

-61%

Enablers of cost reductions:
• Electricity cost reductions 

• Reductions in the cost of CO2
capture

• H2 production cost reductions

• Conversion cost reductions
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* Using carbon from waste streams provides a carbon benefit if the carbon 
content of the waste stream would have been released to the atmosphere 
anyways.



Electricity demand for PtL and LH2
Specific energy demand

LH
2

Pt
L

Pt
L

LH
2

Specific Electricity 
Demand

Liquid H2 takes less energy to make.... 

....and no need for biomass or CO2 
capture, so fewer land use issues...

...but handling/using cryogenic liquid 
introduces other complications



Gasoline

Source: Energies 2020, 13, 5925

Liquid ammonia

Weight 
challenge 
(reduces 
payload 
and/or range)

Volume challenge 
(requiring larger airframe, 

causing drag) Tank weight of cryogenic fuel effectively 
reduces energy density

Gravimetric	Energy	Density	(MJ/kg)

Relative energy 
efficiency of LH2
aircraft subject to 
trade-offs:

Lower fuel weight
vs. 

Heavier cryogenic 
tanks
vs. 

higher fuel volume
vs. 

Potential engine 
benefits
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NOx reduction technologies for 
ground-based applications

NOx + O2
Reducing 

agent Catalyst N2 + H2O



Contrail 
avoidance

Low-carbon 
fuels

• SAF from biomass
• SAF from biomass + 

H2 (more C-efficient)
• SAF (from CO2 + H2)
• Liquid H2

NOx reduction 
technology

Catalytic converter 
on the aircraft

Operational contrail 
avoidance

Can we combine these systems into an air transportation 
system with much lower environmental impact?
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There is a technically feasible and economically viable 
pathway towards a sustainable air transportation sector!

What it takes is a re-design of 
the air transportation system:

• Transition to low-carbon fuels: 
which fuel? which process?

• Contrail avoidance

• Thinking beyond climate: 
Emissions control e.g. NOx

• Airframe/engine innovation to 
increase energy efficiency

Making aviation sustainable will 
noticeably increase ticket price, 
but significant societal gains

New fuel and new planes: large 
investments and significant land 
use changes across the globe

Dependable long-term policy 
incentives and regulation
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