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For today…

• Overview of Pacific Northwest National Laboratory and capabilities relevant
to sustainable aviation fuels research, development, and deployment

• Getting to 3 billion gallons in 2030 – time to “fish or cut bait” and the
relevance of cheap synthesis gas

• Towards 35 billion gallons in 2050 – improvements to SAF composition, and
carbon, energy, and hydrogen efficiencies

• Crossing sectors to further draw down carbon
Who is PNNL?

Getting to
3 billion
gallons

Getting to
35 billion
gallons

Cross-sector
opportunities
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PNNL’s mission is to technology transfer – here is a look at who
we are and what we do…
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PNNL is DOE’s most diverse national laboratory

5,300 Staff
$1.24B Spending
1,755
247

Peer-reviewed
Publications

Invention
Disclosures

FY 2021 Staff
4

PNNL’s Energy and Environment Directorate (EED)

1,300 Staff
More than 230 EED staff support
PNNL’s National Security mission

EED’s Mission
Energy
• Energy Efficiency & Renewable Energy
• Office of Electricity
• Cybersecurity & Energy Security
• Nuclear Energy
• Fossil Energy & Carbon Management
• ARPA-E
Environment
• Environmental Management
• Nuclear Regulatory Commission

EED stewards 3 joint institutes with Washington State University:
the Bioproducts Institute, Nuclear Science and Technology
Institute, and Advanced Grid Institute
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EED’s Objectives

Decarbonizing End Uses

Sustainable Manufacturing Pathways to
Enable a Net-Zero Economy

Ocean Innovation for Energy and
Climate

Nuclear Materials Performance

Multi-scale Integration of Power Grid
and Environmental Systems

CO2 Removal, Use, and Sequestration
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PNNL’s Institute for Integrated Catalysis (IIC) is the largest
non-industrial catalysis R&D organization in the U.S.
Realize critical chemical transformations and chemicalelectrical energy interconversion through catalysis to reduce
the environmental footprint of the global energy system
PCSD-EED

• Integrates >100 multi-disciplinary staff members
• Bridge between pure and applied catalysis
• Develops experimental, theoretical tools and catalytic
technology that can be translated by industry

• 39 publications in 2020
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Environmental Molecular Sciences Laboratory (EMSL) –
cellular structures, biological and catalytic processes

EMSL is a DOE User Facility
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The Bioproducts Institute (BioIn) is developing S&T to
use renewable carbon; providing environmental services
Purpose

Current initiatives

• Advance methodologies that reduce
environmental impact and retain
carbon used in the economy

1. Deep decarbonization
§ Grid – fuel intersections

Vision

§ Renewable carbon intense solids

• Be the portal to multi-disciplinary
research and education for carbon
recycling and management

§ Molecular and resource
efficiency

Funding
• In first 3 years awarded $19.3 million
in competitive funding (FOAs)

2. Environmental services

Fuels for vehicles that have limited
potential for electrification

§ Wastewater
3. Beyond the transportation sector

§ Sustainable aviation fuels

§ Updating circular economies

§ Polymer recycling

§ Plastic use and abuse

§ Building materials

§ Renewable carbon in U.S.
manufacturing

§ Advanced anaerobic digestion
§ Waste-heat/electricity and CO2

Chemicals and polymers
Building materials
Decadal utilization of carbon

§ Storing energy and renewable
carbon in buildings
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High-throughput experimentation accelerates early- and
mid-stage R&D
• Robots for repetitive tasks
• Borosilicate, quartz, teflon,

stainless, hastelloy reactors

• Up to 500°C and 3,000 psi
• Customizable experimental
protocols

• Dynamic databases
• Batch / continuous systems
Automated
Material
Handling

Material
Screening

Analytics & Data
Visualization
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PNNL capabilities focus on the correct scale and
geometry to reduce risk for industry
Capabilities at the correct scale and geometry
§ Continuous flow reactors (unattended operation to study life)
§ Flexible configurations to evaluate integration and recycles
§ Production of samples at all scales to support related science
§ Reduce risks for industry by conducting long term lifetime
testing
§ Multimodal catalyst characterization and analysis required for
understanding catalyst life and scaleup

Unique system for
transforming wet
waste
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Integrated spatiotemporal data with bio-physical and
geospatial models quantify resources, logistics, impacts
• Meteorology
• Site selection
• Temp model
• Growth model
• Nutrient demand
• Water supply/use
• Least-cost route models
• Co-location models
• Alternative nutrients
• Risk assessment
• Land value
• Tradeoff models
• Conversion pathways
• Infiltration model
• Land leveling model
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Techno-economic analysis and lifecycle assessment
informs research needs and guides how we retire
technological uncertainties

• Flowsheet and
simulations in
ChemCAD,
AspenPlus
• Discounted cash flow
analysis, lifecycle
inventory, and
multivariate sensitivity
analysis
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PNNL is home to the Global Change Analysis Model
(GCAM) – Joint Global Change Research Institute
• Global model of energy, land, water, and
human activity
• U.S. in larger detail
• Represents behavior of, and interactions
between five systems:
• Energy system
• Water
• Agriculture and land use
• The economy
• Climate
• Long length and temporal scales
• Open-source: GitHub
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Our approach to catalysis scaling…
Scale-up to feed commercialization
Catalyst development

Process dev. and
Kinetic data

Predict commercial
scale

High throughput screening:
Catalyst synthesis, Reactors
(can rely on partners)

Bench/Lab-scale reactors

Process/ kinetic modelling

Demonstrate at
relevant scale/
configuration
Engineering scale system

𝒓 = 𝒌 𝑪𝑨

𝒙

𝑪𝑩

𝒚

Use This … To Predict this
Objectives:
Find promising leads,
catalysts. Typically screen
many catalysts to find a few
to evaluate in bench reactors
Integration: none

PNNL Capabilities:
HT batch catalyst screening
HT flow reactors
HT catalyst synthesis
*HT= high throughput

Pilot Scale Testing

Objectives:
Obtain kinetic data: under
controlled/ideal conditions
Determine catalyst life, activity,
selectivity & product quality
Enables kinetic modelling of
commercial scale reactors

Objectives:
Predict how commercial
reactors will behave.
Objectives:
Enable the design and costing • Demonstrate performance
of commercial reactors
at relevant scale/ configuration
• Confirm kinetics models
Integration:

Integration:
Can include recycle (e.g.,
LanzaTech ATJ). Typically
recycle batch-wise due to
volumes/ flow rates
PNNL Capabilities:
Numerous reactors; Primarily
tubular reactors (5-400cc), but
also CSTRs (25-450cc)

PNNL Capabilities:
Properties (e.g., DFT)
Reaction kinetics (limited)
COMSOL (reactor modelling)

Model fundamental kinetics of
catalyst, reactor conditions
(mass transport and
temperature) with system
complexity (e.g., recycle)

Integration:
Representative recycle,
impurities, mass transport
limitations, temperature
gradients, feedstock
inconsistency, product specs
PNNL Capabilities:
Hydroprocessing, Modular
Hydrothermal Liquefaction
System

Objectives:
• Match the commercial scale
• Confirm kinetics models
• Identify subtle effects
Eliminate scale-up issues
under identical conditions
Integration:
Fully integrated recycle to
identify subtle effects,
matching mass and
temperature gradients to
commercial system
PNNL Capabilities:
R&D support for
commercialization partners
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How do we build out 3 billion gallons of SAF production
capacity to meet the 2030 goal?

16

U.S. produced 18 billion gallons of biofuels (2021) – of
which 0.03% was renewable jet
U.S. Renewable Fuel Production by
RIN
D6 Renewable fuel (-20% GHG)
Ethanol
Renewable diesel
D4 Biomass-based diesel (-50% GHG)
Biodiesel
Renewable diesel
Renewable heating oil
Renewable jet
D5 Advanced Biofuels (-50% GHG)
Ethanol
Naphtha
Other
D3/D7 Cellulosic (-60% GHG)
Ethanol
Natural gas (compressed)
Natural gas (liquified)

million
gallons

%
82%

15,310
0

Renewable fuel (D6)
Example source: corn starch*
GHG reduction ≥ 20%

Advanced biofuel (D5)
14%

1,793
866
0.4
5

Example source: sugarcane
GHG reduction ≥ 50%

Biomass-based diesel (D4)
1%

29
26
71

Example source: soybean or canola oil,
waste oil, animal fats
GHG reduction ≥ 50%

Cellulosic (D3/D7)
3.0%

0
537
0

RIN = Renewable Identification Number, note: another 0.7 billion gal of
renewable fuels were imported, totaling 18.7 billion gal RIN fuel

Example source: corn stover, wood chips, biogas
GHG reduction ≥ 60%

*corn starch is capped at 15 billion gallons
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Aviation offers a unique market: jet fuel consumption is
large while the consumer base is small and focused
Large market size (U.S., 2019, transportation, pre-pandemic)1
§ Jet fuel 26.7 billion gallons (projected to increase)2,3
§ Gasoline 137 billion gallons (projected to decrease)3
§ Diesel 47.2 billion gallons

Small consumer set
§ Airlines, modest number of fuel suppliers, military
§ Top ten airports: 50% of U.S. commercial aviation4
§ Corporate aviation is a near-term market

Established fuel types and delivery
§ Few fuel variants (Jet A, Jet A1)
§ Pipeline/barge from refinery to terminal, stored at/near airport
§ Delivered to plane via hydrant system at major airports
--------------------------------1 Data

from EIA, Monthly Energy Review (Table 3.7c); total diesel use 62.6 B gal, total gasoline 142 B gal)
billion gallons contains 3.6 quadrillion Btu of energy
3 Global consumption 106 billion gallons (current) projected to double over next 30 years to 230 billion gallons in 2050, IEA Annual Energy Outlook
4 In 2017 the ten largest U.S. airports used 10.5 billion gallons, half of commercial jet fuel use (21 billion), source ASCENT
2 26
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Having a fuel that meets functional requirements is the
foundation for the aircraft’s certification
Aircraft use fuel as a . . .
•
•
•
•
•

coolant (heat transfer media)
lubricant
hydraulic fluid
ballast fluid, swelling agent, capacitance agent, …
energy source

Efficiency and safety are paramount
•
•
•

Clean, stable (high flash point), low freeze point (-40°C)
High energy content: volumetric & mass
Unique properties enable required operability

ASTM D-1655

Acidity
Aromatics, max%
Sulfur
Distillation
Flash Point
Density
Freeze Point

Viscosity
Heat of combustion
Copper strip corrosion
JFTOT
Existent gum
MSEP
Electrical conductivity

Jet fuel formulation/production is carefully
controlled to get the right fit-for-use properties
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By first understanding the critical fuel properties we can
focus on making a better product slate
Reduce soot
• Limit aromatic content (and S)

Increase energy content
• Increase iso-alkanes (specific energy)
• Increase cycloalkanes (energy density)

Maintain low temperature fluidity
• Control level of branching in alkanes

Fossil Jet A

Blended Jet A

Make it better by only producing hydrocarbons
that contribute to key fuel properties

Achieve thermal stability
• No metals, no heteroatoms, no compounds
that gum or break down (e.g., olefins)

Maintain seal swelling (older planes)
• Consider specific cycloalkanes
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One example at PNNL is controlled oligomerization of
alcohol-derived olefins
Alcohol to jet (ATJ) ASTM D7566 Annex A5 approved April 2018 for 50% blend

Steel mill
Waste gas

alcohols

C2

1. dehydration
3. hydrogenation
2. oligomerization 4. fractionation

C4-rich

iso-paraffins

C12-rich

C12-rich

• 98% isoalkane,
• up to 90% in jet
range

Jet or diesel

Ethanol

Dehydration

Oligomerization

Hydrogenation
only 1 double
bond in oligomer

For conditions: see Lilga et al. US 9,932,531
PNNL-LanzaTech Award for
Excellence in Technology Transfer

Fractionation
Note:
PNNL diesel has
high cetane and
low cloud point
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There are other carbon sources, that like CO2 are a
problem, but which contain energy

Intermediate oils can be
produced using low energy
§ 6 MJ/kg to convert
wastewater sludge to
biocrude oil hydrothermal
processing1
§ 0.5 MJ/kg to convert wood
to pyrolysis oil2

DG° for CO2 to CO is 9.2 MJ/kg
(0.35 MJ/mol)

50
45
Higher heating value (MJ/kg)

Many waste carbon sources in
the environment still contain
energy

Energy content

40
35

gasoline, jet fuel, diesel fuel
HTL
biocrude

30

from sludges, manures,
and other wet waste

waste water
sludge

25
20

pyrolysis
oil

pig
manure

15

CO

10

Energy
difference

wood

5
CO2

0
1
2

4.7 MJ/kg of electricity and 1.6 MJ/kg of natural gas
0.47 – 0.64 MJ/kg dependent on biomass ash content
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Accelerate technological marketability by solving more
than one problem at once
Each of these represent:

• Stranded carbon

Steel mill off-gas
Sewage
sludge

•
•
•
•

resources
GHG emissions
Ecological liability
Economic liability
Social liability

Image from Gas Cleaning Technologies LLC

Image from: cementis.com
Image from Environmental Science &
Engineering Magazine

Manures
They are also costadvantaged feedstocks

Image by Picasa

Municipal solid waste
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The amount of stranded, energy-rich carbon sources is
not trivial
Resource (waste)
Municipal solid waste1
Plastics/resins2
Wet sludges/manures2
Forest residues1,2,4
Agricultural residues1,2,4
Carbon dioxide
Sum of Energy in Waste

Energy content
(EJ)
2.9
(1)
1.4
1.9 – 2.2
2 – 2.2
0
7.2 – 7.7

Diesel use = 6.5 EJ, Jet fuel use = 3.5 EJ
Primary thermal conversions processes include gasification,1
pyrolysis,2 hydrothermal liquefaction,3 or carbonization4
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Hydrothermal liquefaction (HTL) is a means to convert
wet carbon streams to biocrude oil

• Heat and pressure (300-360 ºC, 160-220 bar, 10-20 min)
• Produces a biocrude oil, thermally stable
• Biocrude can be upgraded to fuels, rich in diesel
• Need to optimize value from other HTL streams (aqueous, solids, gases)
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HTL expands feedstock from classical biomass to lowcost carbon-waste streams

• Municipal wastewater sludge, food waste, manures are cost advantaged
• Classical biomass yield benefits from blending with wet waste streams
• Feedstock changes the composition of the biocrude
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We are looking at additional waste carbon streams as
raw material, including CO and CO2
Industrial waste gas

Biomass gasification

CO2 point sources

1. Add energy
• CO2 to CO (electrolysis)
353 kJ/mol CO
• H2O to H2 (electrolysis)
351 kJ/mol H2

2.

Convert gases into liquids
(LanzaTech process)
• Commercial
• Low temperature
• Highly energy efficient
• Highly carbon efficient

3.

Adjust the carbon structure
(PNNL Ethanol-to-Jet”)
• Pilot stage
• High Energy return on investment
• High carbon efficiency
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Steel manufacturing offers low-cost source of CO-rich gas
Coal

Metallurgical
grade coking
coal

sized,
graded
coking
coal

Blast
Furnace

Coke
Oven

Steel

pig iron

coke

Produce coke
for blast furnace

BOF
Converter

Reducing agent to
convert iron ore into
pig (crude) iron

Drive excess carbon
out of the pig iron as
CO using oxygen

Waste Gas Residues

Basic reaction: Fe2O3 + 3C → Fe + 3 CO
Source: Jennifer Holmgren, LanzaTech
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Landfill gas enables CO2 utilization without the need for
electrolyzers and power
Challenges:
• Hundreds of contaminants
• Sequential removal strategies
required to avoid removal of CO2
• Balancing life of landfill with SAF
plant life
• Scale mismatches between LFG and
minimum economically viable SAF
plant scale
Opportunities:
• Bi-reforming of methane with CO2
and water
• Inexpensive path to syngas
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Wet wastes

Fats, oils, & greases are limited – what else is out there?
Challenges:
Small scale necessitates either
transport of unstable materials or
modular technology
Opportunities:
Wet wastes are highly collocated
• 80% of non-sludge waste occurs
within 25 miles of water resource
recovery facilities ≥1 Mg/d
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Municipal solid waste is tricky and needs solutions
Challenges:
Gasifier reliability (configuration
and feedstock format matter!)
Inherently un-recyclable
materials have attractive heating
value but unknown future for
RINs or LCFS credits
Poor public perception
(“incinerators in disguise”)
Opportunities:
Another path to syngas
MSW “hot spots” align well with
locations of SAF consumption
(e.g., urban areas)
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65% of projected SAF demand could be met by combining a
“syngas platform” with cost-advantaged feedstocks
Fuel Requirement by 2050

*Depends on availability and allocation of renewable energy in the grid, as well as technical potential of PTL as
an option for aviation
Source: https://aviationbenefits.org/media/167187/w2050_full.pdf
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BETO’s biomass gasification history was constrained
by the equipment available to national laboratories
2005 Design Case - mixed
alcohols

• Industrial Technologies
Programs (ITP)
• Office focused on single
molecule
• Existing gasifier limited to
700 °C – resulting in
significant production of
‘tars’
• Analysis efforts tied to
2000 dry metric tonnes
per day plants

2012 - Validation
of woody
gasification with
mixed alcohols
synthesis
• Office of Biomass
Programs (OBP)
• Still focused on single
molecule, with some work
in pyrolysis
• Gasification work focused
on tar reforming and
mixed alcohols synthesis
• Still 2000 dry metric
tonnes/day
• 185 h Verification

2013 – Transition
to fast pyrolysis
and production of
hydrocarbons
• Bioenergy Technologies
Office (BETO)
• Office shifts to
hydrocarbons
• Gasification work largely
eliminated – apart from
Integrated Biorefineries
(IBRs)
• Efforts shift to upgrading
of ‘higher alcohols’, and
eventually C1 chemistries
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Transition from wet wastes to more complex solid
wastes and lignocellulosics is impetus to re-think
gasification and gasifier configurations
Chemical structure of lignin (source: lignoworks)

Fibrous materials cause
unreliability for gasifier
feeding systems

Can we simplify
systems using
gasification?

Heterogeneity and
potential toxicity of
municipal solid waste
presents processing
challenges
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Two gasification strategies: ‘destruction’ and ‘high efficiency’
Destruction
• Municipal solid waste
(MSW)
• Hazardous & toxic wastes
• Biomedical waste
• Landfill mining

High efficiency
• Liquid format feedstock
• CO2 as an oxidant
• Carbonization to more
uniform and concentrated
carbon (WSU)
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Example 1: Community resilience through 100%
destruction of pathogens and contaminants in waste
Rich history in gasification & syngas processing
• Spin out based on
PNNL-MIT technology
• Proven efficacy with
medical waste
• Inorganics incorporated
into construction
materials

Rethinking gasification for MSW
Feedstock separations and formatting for most
gasifier systems is complex and potentially
hazardous
Performance engineering
Modular: 1 tpd
Centralized: 25-125 tpd
Complete transformation to syngas and glass
(or other) forms

1 tpd downdraft gasifier with
Plasma Enhanced Melter
InEnTec facility - Richland, WA

Research needs
Multi-physics modeling to optimize system
geometry for smaller scales
System designs for U.S. manufacturing base
Product development for recovered inorganics
Syngas to olefins
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Example 2: Carbonized biomass oxidized by CO2 is
opportunity for preserving biogenic carbon yield and
incorporating carbon from CO2

*Biomass carbonization development at WSU by Manuel Garcia-Perez

37

Example 3: Liquid format feedstocks
We know how to do fast pyrolysis, catalytic fast pyrolysis, and hydrothermal liquefaction of
complex, lignocellulosic feedstock and feedstock blends

Today’s paradigm

Simplified paradigm

• Use hydroprocessing to remove
metals and heteroatoms

• Liquid format feedstock
overcomes solids handling
challenges with gasification

• Produce fuels with lower yield to
SAF – or with less desirable fuel
properties
Bio oils

• Synthesis gas and derivatives
(e.g., ethanol, olefins) simplify
the system so we can target fuel
quality

Bio crudes
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Example 4: Project LOTUS
Landfill Off-gas To Ultra-low carbon intensity SAF
SkyNRG Americas
§ LanzaTech; Linde; LanzaJet; Energy Vision, Pacific Northwest National Laboratory,
Argonne National Laboratory

Objective: Construction and operation of the first landfill gas to sustainable
aviation fuel commercial demonstration facility
§
§
§
§

Phase I – verify technology readiness, complete -15/+30 cost estimate
Phase II – complete engineering and site construction
5 M gpy name plate capacity demonstration site
Reduce GHG emissions by up to 110%
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To meet the 2030 goal, we should…
Simplify where possible
Leverage existing ASTM pathways
Use what we’ve learned from fast pyrolysis and HTL
Reconsider gasifier configurations and feedstock formats
Discover new routes to cheap syngas
40

Towards 35 billion gallons – improvements to SAF
composition and carbon, energy, and hydrogen
efficiencies
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Ethanol to butenes enables new chemical and jet
pathways – a process intensification strategy
Research Focus
Industrial Waste Gas,
Syngas, Biomass

Ethanol

Multifunctional catalyst
(mixed oxide)

C4-rich
olefins

Oligomerization
(solid acid
catalyst)

Ethanol produced from renewable biomass & waste
Improvement to alcohol-to-jet process:

Property

Results

Freeze point

(oC)

-73

–40 max (D5972)

Density

(kg m-3)

790

775 to 840 (D4052)

Viscosity

(mm2 s-1)

7.27

8 max (D93)

PIs: Rob Dagle & Vanessa Dagle

Hydrotreat
ment

dehydration

C9-C16
alkanes

cross-condensation

ethylene diethyl ether ethyl acetate

acetone

Renewable Jet
Blendstock

Distillation

MPV reduction
crotyl alcohol

olefin reduction

butadiene

butane

-H2

Capital avoidance: eliminates ethanol dehydration unit
Energy: combines endothermic and exothermic reactions
Co-products: enabled by new multifunctional catalysts
Blendstock Requirements
(ASTM D7566)

C9-C16
olefins

ethanol

acetaldehyde crotonaldehyde butyraldehyde

1-butanol

n-butene

• Multifunctional catalysis for direct, selective conversion
of ethanol to n-butene-rich olefins
• Olefin intermediates oligomerized into jet-range isoparaffins, then hydrotreated and distilled
• Liquid fuel properties meet key ASTM standards for
freeze point, density, and viscosity

ACS Catal. 2020, 10, 18, 10602–10613

ChemCatChem, 2021,13, 999–1008
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More process intensification:

PNNL R&D includes efforts in reactive separations,
such as microchannel wicking with catalysis
Combined EtOH/H2O separation
and reactivity in one unit operation

CH3CH2OH

in H2O

CH2=CH2 + H2O

3 stages of separation with 10x
reduction in HETP* versus
conventional distillation
> 85% yield to ethylene at 220°C,
600 psig, and WHSV** > 1.4 h-1

Rob Dagle, et al.
*HETP = height equivalent to the theoretical plate
**WHSV = weight hourly space velocity

Microchannel reactive distillation combines ethanol-water separation and
ethanol dehydration into one operation
PI: Rob Dagle
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New R&D targets reduced aromatics, hydrogen
intensity, and energy intensity
Ethanol rich
oxygenate
stream

Ketone
Formation

Ketone
Condensation

Hydrogenation

Pd/ZnO-ZrO2

Pd/MgO-Al2O3

Ni/Al2O3

Jet-Range
Fuel Products

Controlled product profile between cycloalkanes and isoparaffins
ü Cycloalkanes can potentially substitute aromatics as seal swell agent and reduce soot formation

No external hydrogen required
ü Hydrogen generated from the ethanol to ketones reactor will meet requirements of the overall process

Wet ethanol with minor impurities as a feedstock for the C3+ ketones production
ü Reduces the process severity and improves energy intensity

PI: Karthi Ramasamy
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Tier α, β, and YSI analysis of the cycloalkane rich SAF:
Neat sample, 10%, 20%, 30% blend sample analysis

§ Yield Sooting Index (YSI) for the neat Cycloalkane rich fuel sample is ~85 which is 45%
drop compared to the conventional fuel
PI: Karthi Ramasamy
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Ethanol plants provide a CO2 point source that could
provide 0.6 EJ (~4 billion gallons) of fuel

7 PJ of energy is needed to produce the syngas which could provide 3.9 PJ of SAF

100 million gallons
(300 Gg ethanol,
280 Gg CO2)

25-30
million
gallons

Converting all U.S. ethanol-derived CO2 could make 0.59 EJ of SAF (~ 4 billion gallons)
which is 17% of current U.S. jet fuel demand and require 1.1 EJ of electricity
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The electrical energy demand (7 PJ) is a grid-scale
challenge and does not address curtailed electricity

* stoichiometric
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PNNL is integrating CO2 capture and conversion to
reduce energy and activate CO2 for chemical reactions

HO

Carbon

N
N

Organics
N

O
H
N

O

Carbonates
O

N

Degree of Reduction

Performing catalysis on CO2 captured in solution
avoids the process energies associated with
capture and compression

Convert “captured CO2” to methanol
and polycarbonates
O

Cat.
CO2

O

O

cocat.

O

C
O

Carbonate
linkage

CO2 captured in solution

O

+

m

N

O

O
C

n

Ether
linkage

Cyclic Carbonate
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Crossing sectors to further draw down carbon
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Natural climate solutions are low-tech and can be
implemented today to reduce 1/3 of GHGs
We neglect roles for natural climate solutions (NCS)
• Maximum potential 23.8 Pg CO2ey-1
• Likely potential is ~ 11 Pg CO2ey-1
• Global emissions ~ 33 Pg in 2019 (IEA, 2020)

Sustainable aviation fuels and
regional carbon offsetting can
complement and accelerate
each other

CO2

Aviation could subsidize
regenerative farming:
• Equipment
• Sensors &
digitalization
• Seasonal monitoring
• Seeds for cover crops
• Hyperspectral imaging
• Energy crops
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Thank you
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