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Executive Summary

Global annual jet fuel demand is projected to grow to 165 billion gallons by 2050, and there is
growing interest in the aviation industry to understand the capabilities of alternative energy
carriers (EIA 2023c). This report considers several potential energy carriers, reviewing their
production potential, operational considerations, and economic implications to inform potential
next steps in aeronautics research. The following energy carriers (i.e., fuels) were evaluated in
this study for future use in aviation: sustainable aviation fuel (SAF), both biomass-based and
power-to-liquids (PtL)-based SAF; cryogenic hydrogen (LH>), also known as liquid hydrogen;
liquefied natural gas (LNG); liquefied ethane (LE); and Jet X.

The barriers and opportunities for the evaluated energy carriers vary. SAF is a commercially
available drop-in fuel compatible with existing aircraft and infrastructure. SAF is limited by both
higher prices and slow commercialization of multiple pathways using different feedstocks
necessary to significantly grow supply. Cryogenic fuels, in contrast, have very different thermal,
physical, and chemical properties than SAF and Jet A, requiring the construction of new airport
storage and dispensing infrastructure and the design of new aircraft energy systems capable of
mitigating heat transfer and boil-off. Cryogenic fuels offer an opportunity to diversify aviation
fuel carriers using domestic energy sources, relevant for both energy security and resilience. This
means cryogenic fuels are a longer-term solution for aircraft but are worth exploring for potential
future cost savings, emissions benefits, and energy resilience. Jet X refers to non-drop-in liquid
hydrocarbon fuels in the early stages of investigation seeking favorable properties. There are
substantial barriers to non-drop-in liquid aviation fuels that are not compatible with existing
aircraft and fuel infrastructure, and there is no standardization of Jet X at this time.

The inputs needed to produce these energy carriers include biomass, electricity, natural gas, and
petroleum. All inputs have multiple uses, creating competition among the various users. Biomass
used to produce SAF is also used to produce renewable diesel, biodiesel, ethanol, renewable
natural gas, and other biofuels, biochemicals, and bioenergy products. Electricity has a myriad of
uses. Additional electrical generation capacity is expected to support growth in data centers
supporting artificial intelligence, electric vehicles, and advanced air mobility. LH> and PtL could
diversify the user base of electricity producers or find rising costs and competition with other
uses. LNG and LE will compete with other natural gas applications including heat, electricity
generation, chemicals, and other products.

Policies shape energy and transportation markets impacting supply, demand, prices, and
availability of fuels. They influence how biomass, electricity, natural gas, and petroleum are
used, and various policies can shift production toward certain fuels while creating competition
among end users. For example, SAF competes with biodiesel and renewable diesel for the same
feedstocks. Motivations for transportation fuel policies include diversifying fuel supply to
improve energy security and resilience and reducing emissions. Policies can differ in their
approach; for example, the U.S. Renewable Fuel Standard provides flexibility in how obligations
are met, whereas ReFuelEU requires specific SAF use. Production incentives for SAF and other
transportation fuels are typically short-term and frequently expire or change, creating uncertainty
that impacts investment in building plants and producers’ decision on fuel production and
expansion.
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Jet A represents the baseline for comparison of the other aviation energy carriers. Biomass-based
SAF is the only commercially available alternative aviation fuel; therefore, there are existing
data on current production, consumption, and pricing. LH>, LNG, and LE pricing and production
are based on uses in non-aviation markets. Table ES-1 provides general information on these
various energy carriers for general comparisons. This is not intended to be a direct comparison of
the evaluated fuels, but rather to highlight the scale of potential production and the estimated cost
over time.

Future projections in the 20402050 timeframe came from multiple literature sources. Jet A
demand assumes continued air travel growth. In a low scenario, SAF demand reflects existing
mandates, while its future production potential depends on feedstock availability of both biomass
and electricity. Hydrogen demand is based on energy system models that minimize costs under
different policy scenarios, including net-zero pathways. LNG existing and future production
assume the current natural gas liquefaction rate. Ethane projections reflect overall supply, as it is
not typically used in cryogenic form. The Jet A, SAF, and hydrogen data is global whereas the
LNG and ethane data are domestic. Multiple data sources for Table ES-1 and throughout the
report, and units were converted according to the factors in Appendix A for comparison
purposes.

Table ES-1. Energy Carrier Current and Future Prices, Demand, and Production

() Energy Carrier Current Prices Future Prices and/ Current Consumption, Future Projected Demand
Y (Fuel) or Production Costs Demand or Preduction and Production
Modeled on EIA oil projections:® c " b d
$0.052/kWh* Low: Medium: Highs onsumption: emand:
P i 2 igh:
Baseline: Jet A $2.05/gallon $0.044/kWh  $0.076/kWh  $0.121/kWh 103B gallons/year< 165B gallons/yeard
$1.77/gallon $2.99/gallon  $4.79/gallon
SAF (bio based SITER SN $0.088-50.30/kWhs Production: Demand: 24B gallons (low scenario)"
oo PII_]mass ase $5.23-58.31/gallon $3.50-511.86/gallon 651,;‘;3‘:"2"5/';”, Production: Up to 132 billion¢ gallons
2-5 times higher than Jet A 1.2-2.89 times higher than Jet A (based on future feedstack availability})
$0.21-50.90/kWh' $0.15-50.17/kWh' or less Demand: 2;’:_;’;‘;;';:"‘0‘;5?’
Hydrogen $8-533/gal Jet A equivalent $5.50-$6.40/gal Jet A equivalent or less 90B gallons/year* . h
$7-630/k Reflect tat th Jet A equivalent/year Aviation Demand: Up to 36B gallon
K 9 eflects cost at the pump Jet A equivalent/year "
Production: Production:
. 0.015-50.017/kWhr
LNG so.0n2kih $ . 32 o 328 gallons jet A 20B gallons jet A
$3.40/MMBtu $4.33/ il equivalent/year™ equivalent/year "
0.015-50.017/kWhr
$0.010/kWh: $ 5 / Production: Production:
Ethane - $4.33/MMBtu 15B gallons Jet A 21B gallons Jet A
$3,00/MMBtu* Based on LNG price futures due equivalent/yeart equivalent/year!

to lack of publicly available data

Sources: 2 IATA (2025a); " EIA (2025a) modeled based on future oil price projections; ¢ IATA (2025b); 9 IATA (2025c);
¢ Gerrish et al. (2025); fWorld Economic Forum (2024); 9 U.K. Department of Transport (2023); " SkyNRG (2025);
Collins (2024); I Bracci et al. (2024); K IEA (2024a); ' IEA (2023); ™ IEA (2024b); " Air Transport Action Group (2021); °
BNEF (2025); P EIA (2023b); 9EIA (2023e); " EIA (2023d) 12% liquefaction of natural gas production; ¢ EIA (2025b); t
DOE (2022).

SAF, when blended with Jet A, is a drop-in fuel compatible with existing infrastructure and
aircraft. It has been commercially available since 2016, with a sharp increase in production
facilities since late 2024. Nearly all SAF is produced from fats, oils, and greases via the
hydroprocessed esters and fatty acids (HEFA) production pathway, but other pathways exist and
still more are under development. The first commercial alcohol-to-jet plant started production in
late 2025 (Epstein 2025). U.S. consumption rose from 26 million gallons in 2023 to 281 million
gallons in 2025, but SAF still accounts for only about 1% of total jet fuel use (EPA 2025a, EIA
2025d). Market growth has been limited by higher costs relative to Jet A, slow development of
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new pathways and feedstocks, and policy uncertainty. Expanding beyond HEFA—particularly to
power-to-liquid (PtL) e-SAF—will depend on access to low-cost, low-carbon-free electricity.

Cryogenic fuel use in aviation requires new aircraft design and different distribution, storage,
and dispensing equipment. The feasibility of cryogenic fuel use for aviation applications is based
on fuel physical, chemical, and thermal properties, engineering requirements for safe onboard
storage and delivery, and performance impacts associated with the new cryogenic-fueled aircraft
designs. To maintain LHz, LNG, and LE below their respective boiling points, insulated storage
tanks capable of maintaining low temperatures and accommodating internal pressure rise due to
heat ingress are required. Storage tank design and materials can vary by cryogenic fuel type
impacting tank weight. For each of the cryogenic fuels discussed in this report, airport fueling
installations and aircraft would need major adaptations, including vacuum-insulated storage
tanks, cryogenic-rated transfer equipment, and strict safety protocols. Given the difference in
thermophysical properties between cryogenic fuels and Jet A, creating standard procedures for
handling and dispensing LH», LNG, and/or LE at airports is paramount. These procedures must
be finalized before airport officials can plan and implement cryogenic infrastructure.

Several companies have already begun developing aircraft technology with hydrogen fuel cell
propulsion systems—specifically for personal aircraft and regional turbo-propeller airframes.
Using LH; for short-haul flights is more realistic given energy density limitations of the fuel. If
LH> were to be used in longer-haul flights, it would require novel or modified airframes to
accommodate both storage tanks and seating capacity. The development of cryogenic aircraft
technologies would encounter long lead times and require significant capital investment.

The use of cryogenic hydrogen, stored as a liquid at —253°C (20 K), for air mobility applications
requires significant development before it can compete in the aviation fuel market. At present,
most hydrogen production and end uses are colocated to avoid the complex infrastructure and
associated costs with transporting the molecule in a liquid or highly compressed state. The cost
to deliver or produce it directly at an airport in a liquefied state can decline over time to become
more competitive with alternatives, but this requires policy support and/or industry investment to
spur technology maturation. With low airport LH> demand levels (~10 metric tons per day or
less), liquid hydrogen trucking to an airport is the most viable delivery option. If airport demands
scale beyond these levels, on-site liquid hydrogen production should be considered if the airport
has space and electrical capacity to accommodate the new systems.

LNG, which can be produced from abundant domestic natural gas or renewable natural gas
(RNG) from the aerobic digestion or thermal gasification of wastes, was evaluated for aviation
because of its relatively high specific energy, low cost, and less polluting combustion profile
compared to Jet A. Table ES-1 shows existing and future LNG production potential from
conventional natural gas. RNG could be converted to LNG and about 1.2 billion gallons of
gaseous RNG was consumed by natural gas vehicles in 2025 (EPA 2025).! An assessment of
2050 domestic RNG potential found anaerobic digestion potential of 672 to 3,951 trillion Btu/yr
(equivalent to 8 to 47 billion gallons of LNG), thermal gasification potential between 955 and
12,415 trillion Btu/yr (equivalent to 12 to 150 billion gallons of LNG) (American Gas
Foundation 2025).

"' EPA reports RNG volumes for the Renewable Fuel Standard in gallons of ethanol equivalent.
vii
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LNG must be stored as a cryogenic liquid at approximately —162°C (111 K). Most LNG is
exported, and there is currently limited use as a transportation fuel. U.S. LNG capacity is
expanding, and significant growth is anticipated for regasification and carrier fleet infrastructure
to move LNG through the supply chain. Delivered prices to airports for LNG currently compete
with jet fuel on an energy basis; however, fuel handling, storage, and safety costs related to
cryogenic fuel in the aviation context need to be considered. There are no known estimates for
addition costs for fuel handling, storage, and dispensing for LNG as an aviation fuel. However,
there is extensive use of natural gas (in gaseous form) in the U.S., including for generating
electricity and space heating, and a large pipeline infrastructure exists for these purposes (EIA
2024c). This existing infrastructure could likely be leveraged with additional liquefaction
facilities added to support aviation use.

LE was also evaluated for potential aviation use. U.S. ethane production is dominated by
petrochemical demand, with approximately 80% used to produce ethylene. LE production and
transport is energy intensive involving extraction, cooling, liquefaction, and handling. LE is
mainly used as a feedstock in the production of ethylene. Ethane is normally separated from
natural gas or hydrocarbon liquids and liquefied at approximately —89°C (184 K) to reduce its
volume for economical transport via ships or rail. Considerable volumes of LE are exported,
leaving limited availability for alternative uses like aviation fuel. Production has been steadily
increasing and is forecast to continue growing, supported by expanding natural gas liquids
production and new cracking facilities (EIA 2021). Both existing and planned ethane
infrastructure, including pipelines, fractionators, storage, and export terminals, are designed to
serve petrochemical demand and would require significant investment to retrofit for aviation.
Prices of ethane at U.S. hubs like Mont Belvieu, Texas, remain very low and stable, considerably
cheaper compared with Jet A (EIA 2025b, 2024a).

Jet X is in early-stage research, and it is anticipated that these fuels would have no or low
aromatics, which reduces soot formation. ASTM’s non-drop-in jet fuel group is exploring
alternative chemistries. Research is in early stages to identify fuel properties and biogenic
aromatics. Once Jet X fuel properties are defined, extensive materials, equipment, and
engine/turbine research and testing will be required to determine the ability to use existing
infrastructure and/or identify upgrades necessary to enable the fuel. Another critical safety aspect
is segregating Jet A/SAF at an airport from an alternate liquid aviation fuel to avoid
contamination. It is too early to determine if the potential positive attributes of alternative liquid
jet fuels are significant enough to overcome the barriers.

viii
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1 Introduction

This report explores production technologies and forecasts, markets, prices, and distribution for
several alternative aviation energy carriers (i.e., fuels). Evaluations of the following energy
carriers are included in this study: sustainable aviation fuel (SAF) (biomass-based and power-to-
liquids [PtL]), cryogenic hydrogen (LH>), liquefied natural gas (LNG), liquefied ethane (LE),
and Jet X.

Some motivations for producing and consuming alternative aviation fuels are U.S. dependence
on imported crude oil to supply domestic refineries, as well as to address the expected forward-
year growth in demand for jet fuel. Petroleum refineries produce gasoline, diesel, jet fuel, and
other fuels and chemicals. A reduction in demand for gasoline and diesel could negatively
impact jet fuel supply. In 2025, the United States consumed 27 billion gallons of Jet A,
representing approximately 27% of world consumption (EIA 2025d, 2025e, IATA 2025b).
Unlike gasoline and diesel, Jet A consumption continues to increase, illustrating the need for
solutions to increase domestic fuel production and reduce aircraft emissions (EIA 2025d).
Therefore, research and development of alternative energy carriers is necessary to enable
flexibility for the aviation industry to meet demand with domestically produced fuels.

Figure 1 shows U.S. crude oil production and inputs to refineries. The difference between
domestic crude production and crude input to refineries is supplied by imports (EIA 2025f,
2025g). The jet fuel share of refinery output increased in the past two years compared with
previous years, indicating that refineries are adjusting jet fuel output—Ilikely a result of increased
demand for jet fuel as gasoline and diesel decline (EIA 2025h). Figure 2 shows a balanced
market where domestic jet fuel production exceeds consumption in 8 out of the past 10 years
(EIA 2025d, 2025h). Increased domestic production of alternative energy carriers for aviation
could reduce reliance on crude oil imports.

The United States both imports and exports Jet A, driven by the location of refineries and
availability and capacity of infrastructure to move fuels to airports. In 2025, the United States
imported 1.8 billion gallons of jet fuel from 8 countries, with 69% from South Korea to the West
Coast and 10% from Canada to the East Coast (EIA 2025i). 2025 exports were 3.4 billion gallons
to 32 countries, with 75% going to other North American countries and 15% to South American
countries (EIA 2025j).
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1.1 Energy Carriers Considered in This Study

This study considers five distinct energy carriers for aviation: SAF, LH>, LNG, LE, and
alternative Jet X chemistries. A brief description of each of the energy carriers is provided
below. Table 1 provides some basic points of comparison among the energy carriers evaluated.
While the information for Jet A and SAF is specific to aviation, the LH>, LNG, and LE
information applies to non-aviation uses. Jet X is not included due to the early stages of research
and properties are unknown. Differences in fuel properties can impact aircraft design and the
infrastructure to deliver fuels.

Table 1. Energy Carrier Comparison

Specific Energy Tailpipe
) Energy Carrier g Fuel Non-aviation e Boiling Point Current Cost Projected Cost in 2050
€0, E !

*°’ (Fuel) ‘(:7&2}' Dﬁ:‘;ﬂ}y Handling uses R (K Relative to Jet A Relative to Jet A

Jet A (Baseline) 43° 352 baseline N/A 74" 473« N/A N/A

SAF (biomass-based) 43° 35+ O N/A 74" (0%) 473¢ 2.5x¢ 1.2-2.8x

SAF Power-to-Liquid 43° 354 O N/A 74 (0%) 473¢ >5x 9 ~2-3x°

LH, 120" (+179%) 9" (-74%) O Many 0/ (-100%) 201 (-96%) 3-5x " or higher ~1-3x

LNG (Methane) 49 ™ (+14%) 217 (-40%) O Many 59" (-20%)* 111 °(-77%) 0.8-0.9x 7 1.2-1.4x

HEie Ethans 479(+10%) 26 7 (-26%) O Vary/few 627 (-16%)** 1847 (-61%) 0.8-0.9x 1.2-1.4x
O comparable to baseline *IC engine based value
O Difficult ** Ethane in gaseous phase
O More difficult

a Holladay et al. (2020); ® Civil Aviation Organization (2022); ¢ National Oceanic and Atmospheric Administration
(1999a); 9 World Economic Forum (2024); ¢ U.K. Department of Transport (2023); f Grim et al. (2022); 9 Eyberg
(2024); "DOE (n.d.-a); 'LH2 tailpipe emissions DOE (2023a); | Royal Society of Chemistry (n.d.); X Collins (2024);'
Bracci et al. (2024); ™ DOE (n.d.-b); " California Air Resources Board (2009) IC engine based value; ° National
Oceanic and Atmospheric Administration (2025); P EIA (2023b) 4 National Oceanic and Atmospheric Administration
(1999b); 'Barrett and Allroggen (2023) ethane in gaseous phase; S EIA (2025b).

1.1.1 Synthetic/Sustainable Aviation Fuel

Multiple definitions for SAF have been proposed across the open literature. These definitions,
although similar, vary both by country and across leading institutions such as the Commercial
Aviation Alternative Fuels Initiative and the International Civil Aviation Organization (ICAO).
In general, for a fuel to be considered SAF it should function chemically as a Jet A blendstock
while also providing a reduction in carbon intensity relative to the estimated §9-gCO2e/MJ
baseline of fossil-based jet (ICAO 2025a). Further, SAF should utilize some form of non-fossil
renewable feedstock(s). Commonly cited feedstocks for SAF include biomass, carbonaceous
wastes, or various forms of fats, oils, and greases. Additionally, in an emerging field known as
PtL, renewable electricity and carbon dioxide (CO3) are also being pursued as feedstocks for
producing SAF and SAF precursors. For the purposes of this document, we utilize a broad and
inclusive definition provided by the U.S. Department of Transportation where SAF is described
as any “drop-in liquid hydrocarbon jet fuel produced from renewable or waste resources that is
compatible with existing aircraft and engines” (Rosales Calderon et al. 2024a).
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To function as a drop-in fuel, SAF must meet strict requirements around performance and
operability to ensure compatibility with conventional jet fuel. The chemical makeup of jet fuel
(and thus of finished blends SAF with Jet A), as shown in Figure 3, broadly comprises of four
hydrocarbon classes: n-alkanes, iso-alkanes, aromatics, and cycloalkanes. Each molecule class
plays a critical role in meeting performance or operability needs such as energy density, thermal
stability, derived cetane number, viscosity, density, and freezing point. While the relative
concentration of the different types of hydrocarbons can vary in the final fuel, the target carbon

numbers for SAF typically range from about C7 to Cis, with an average around Ci> (Holladay et
al. 2020).

!deal Carbon Length C8-C16

8 1
| n-Alkanes
= B jso-Alkanes
% S Hm Cycloalkanes
°‘ [ Aromatics
n-alkanes c
o
-t
= 4
o
o
“/ iso-alkanes g 5
Q
0

7 8 9 10 11 12 13 14 15 16 17
fractions vary Carbon Number

Aromatics are limited to 25%
Olefins and heteroatoms are limited (not allowed)

+ Olefins (<1%) (gum formation) Pie chart adapted from Tim Edwards
+ S, N, O containing (limited allowance) Composition/Carbon number from Josh Heyne

Figure 3. Composition of an average Jet A fuel (POSF 10325).

n-Alkanes, iso-alkanes, cycloalkanes, and aromatics are approximately normally distributed across the carbon range.
A molecule with 11 or 12 carbons is approximately average. Reproduced from Holladay et al. (2020).

1.1.2 Cryogenic Hydrogen

Hydrogen is a colorless, odorless gas and the lightest element on the periodic table at standard
temperature and pressure (Royal Society of Chemistry n.d.). It is rarely found naturally in its
pure, diatomic form (Hz) on Earth but can be produced using energy-intensive chemical
processes. Instead, hydrogen is typically bonded to other elements such as oxygen and carbon,
and found in water (H20), hydrocarbons, and other chemicals on Earth. While hydrogen has a
high gravimetric energy density (120 MJ/kg on a lower heating value basis), it has low
volumetric mass density (0.09 kg/m? at standard temperature and pressure) and must be
compressed to 700 bar, or liquefied to —253°C (20 K), to achieve a volumetric energy density
closer to other fuels (Figure 4). For aviation applications, fuels with high volumetric energy
density are required such that the fuel does not take up considerable space on the aircraft.
Therefore, limitations exist with using hydrogen as an energy source for aviation applications. Of
the hydrogen options, liquefied (i.e., cryogenic) hydrogen (LH>) is the most viable and may be a
low-carbon energy solution for a select number of aircraft types and flight durations.
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Figure 4. Energy density comparison of various fuels
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1.1.3 Liquefied Natural Gas

LNG is a mixture of light hydrocarbons (C1—C4) composed primarily of methane (CHs) that is
cooled to —162°C (111 K) and subjected to low pressures (1-10 bar) to liquefy it. Although
methane is a major constituent of LNG, compositional variabilities are inevitable due to
numerous feedstocks and sources for natural gas production and extraction. It may contain
different hydrocarbon and non-hydrocarbon constituents, and compositions are never consistent.
Consequently, important fuel properties relevant to aviation fuel screening may vary with
feedstock and sources resulting in the potential need for a quality specification for LNG as an
aviation fuel. Liquefication of natural gas drastically reduces volume requirements for storage; in
the liquefied state, only 1/600th of the volume of the gaseous state is required (Raab et al. 2024).
Despite its global availability, LNG has not been utilized in the aviation sector for commercial
purposes due to the cryogenic nature of the fuel, fuel compositional variability, and changes in
airport infrastructure required for large-scale adoption. However, it is extensively used in the
marine sector and in automotive sector as LNG and compressed natural gas (American Bureau of
Shipping 2022; DOE n.d.-c).

Interest in its use as aviation fuel was initiated by NASA in the 1970s (Carson et al. 1980). From
an aviation combustion perspective, LNG is an emission-reducing alternative to jet fuels due to
its lower CO» and soot emissions. However, methane—the primary constituent of LNG—is a
greenhouse gas with a global warming potential of 27-30 a.u., compared to that of CO», which is
1 a.u. (CO; is used as the reference) (EPA 2025b). Therefore, any leakage or fuel jettison could
undermine efforts to reduce emissions. Additionally, there are many technical challenges
associated with aircraft modifications, fuel handling, fuel storage, and airport and national
infrastructure.
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1.1.4 Liquefied Ethane

Ethane (C2Hp) is a naturally occurring gas component derived primarily from natural gas
processing facilities by demethanization and fractionation. Ethane is a cryogenic liquid at —89°C
(184 K) and possesses an energy density comparable to that of LNG (see Figure 4)—making it a
very good energy carrier. Ethane production depends greatly on natural gas processing steps such
as dehydration, contaminant removal, and deep fractionation, as shown in Figure 5. Plants first
fractionate off methane and other light gases before passing mixed natural gas liquids through
deethanizers, depropanizers, and debutanizers to separate ethane, propane, butanes, and natural
gasoline. Although this process is very well established, the associated downstream logistic
network for large-scale transport of ethane is still developing.

Natural gas
processing facility

Fractionation facility

Dry gas Ethane
Propane
Dehydrated and
Raw gas Sacomaniiatad —» Mol
stream A D butane
gas stream Mixed 5
NGL P
stream R S
5 B P
£ UL
A T i
N AT
1 NT
e EE
£ R
R
oil, plantcondensate, water, H:3, CO2, Hg, Na, ... ISObutane
/'j Natural
ela gasoline

Note: Deethanizer (dashed outline) is an optional distillation unit

Figure 5. Natural gas processing.
Source: EIA (2014a)

Unlike LNG, LE is seldom used as a propulsion fuel with few applications in rocket engines and
marine LE carriers. The main applications are in the petrochemical industry for the production of
ethene (ethylene) and acetic acid, and for some refrigeration processes. Of these, the most
significant and well-established commercial application of ethane currently is production of
ethylene, and demand is expected to remain strong for many years (EIA 2025k). However, the
global supply chain infrastructure to support transport of ethane, including terminals, specialized
vessels, and associated logistics, is much less well developed compared with LNG. As a result,
there is comparatively little technical and operational research published that specifically
considers the problems of storing and carrying LE in aviation applications.

Ethane exhibits lower and wider flammability limits than LNG, meaning it can ignite over a
broader range of concentrations, as seen in Figure 6. Although jet fuels have higher flammability
thresholds at normal temperature and pressure, ethane’s gaseous nature at normal temperature

6

This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications.



and pressure significantly increases the risk of accidental fires or explosions compared to
conventional jet fuels.

Lower explosive Upper explosive
limit (LEL) limit (UEL)

Explosive mixture -

LEL: 5 vol% UEL: 15 vol%

1. N

LEL: 2.9 vol% UEL: 13 vol%

| I

LEL: 0.6 vol%a —— UEL: 4.6 vol%

Figure 6. Comparison of flammability limits of LNG, LE, and jet fuel

1.1.5 Alternative Liquid Hydrocarbon Chemistries (Jet X)

Jet X refers to non-drop-in liquid hydrocarbon synthetic aviation fuels. These fuels are under
investigation and there is no agreed upon definition or composition of these fuels. The
motivation to consider non-drop-in fuels is to identify potential properties that would increase
efficiency and improve local airport air quality. These fuels are in the initial phases of
investigation.

ASTM has a non-drop-in jet fuel group to explore alternative chemistries. Currently, there is no
ASTM standard for non-drop-in synthetic aviation fuels. There are substantial barriers to liquid
aviation fuels that are not compatible with existing aircraft and fuel infrastructure. Extensive,
long-term research on materials, aircraft, and infrastructure equipment would be needed to
demonstrate compatibility and enable market acceptance. Another critical safety aspect is
segregating Jet A/SAF at an airport from an alternate liquid aviation fuel to avoid contamination.
Other barriers include potential resistance to microbial contamination, electrical capacitance
differences, and impacts on fuel level readings (Dasgupta et al. 2023).
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2 Sustainable/Synthetic Aviation Fuel

2.1 Technical State of the Industry

SAF currently must be blended with Jet A at a volume of up to 50 % to create compliant jet fuel.
Once blended with Jet A, it exhibits the same technical capabilities of Jet A. SAF and Jet A share
the same minimum net heat of combustion (lower heating value) of 42.8 MJ/kg per ASTM
D1655, Standard Specification for Aviation Turbine Fuels (ASTM International 2025a), and
ASTM D7566, Standard Specification for Aviation Turbine Fuel Containing Synthesized
Hydrocarbons (ASTM International 2025b).2 Per ASTM D7566, SAF density at 15°C falls
between 730 and 840 kg/m? depending on technology pathway, whereas Jet A density falls
between 775 and 840 kg/m? per ASTM D1655. The slightly lower allowable density of SAF is
attributed to less aromatic content in SAF produced from some pathways (Holladay et al. 2020).

In 2025, U.S. jet fuel consumption was about 27 billion gallons, of which 282 million gallons
(about 1%) were derived from SAF (EIA 2025d; EPA 2025a). These data reflect the enormous
opportunity for SAF to capture market share and reduce the carbon intensity of the U.S. aviation
sector. The focus of this section is on SAF production technologies, emerging pathways, and
forecasting. The technical readiness of SAF for production is dependent upon the technology
pathways; while some are mature and commercialized, others require further development and
demonstration prior to market entry. SAF, as a drop-in fuel, is compatible with existing
distribution and refueling infrastructure throughout the supply chain from the point of production
to the delivery into aircraft.

Before SAF can be utilized in flight, Federal Aviation Administration mandates require that fuel
producers must undergo a rigorous approval process. This process, described in ASTM D4054,
Standard Practice for Evaluation of New Aviation Turbine Fuels and Fuel Additives, was
developed to ensure safe and reliable operation of aircraft on alternative aviation fuels (Holladay,
et al. 2020). Passing the ASTM D4054 approval process requires that new fuel suppliers
complete a four-tiered examination that involves physical property evaluation and live testing in
engines. A summarized process is shown in Figure 7. Upon completion, a review and voting
process is conducted to determine if the fuel is approved for commercial use. From start to finish,
this approval process typically takes 3—5 years and cost in excess of $5 million (Holladay et al.
2020).

2 Standards are continuously updated; check the ASTM website for the latest version.
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ASTM D4054 for Evaluating New SAF Routes
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Figure 7. Summary of new SAF pathway approval steps

The current list of ASTM-approved SAF pathways is provided in Table 2, comprising eight
distinct “annexes” to SAF and three coprocessing blends. As shown, current restrictions limit the
blending of SAF to up to 50%, where the balance comprises conventional Jet A. Blending limits
stem from both an abundance of conservatism surrounding the widespread use of relatively
untested fuel(s) but also to ensure inclusion of key aromatic molecules which are notably absent
across many of the prominent SAF pathways. Relaxing the blend limit to eventually utilize up to
100% SAF for some pathways will be dependent on either (1) modifications to existing and new
aircraft engines that remove the need for aromatic-based O-ring swelling, or (2) the production
of “compositionally complete” SAF fuels—such as via catalytic thermohydrolysis—that
individually produce all required chemical families to meet performance benchmarks (c.f.,
Figure 3).

Broadly, the approved pathways for SAF encompass five distinct chemical reaction pathways:
(1) Fischer-Tropsch (FT), (2) hydroprocessed esters and fatty acids (HEFA), (3) synthetic
isoparaffins (SIP), (4) alcohol-to-jet (ATJ from both ethanol and isobutanol), and (5) catalytic
hydrothermolysis (CH). While not yet approved, other emerging pathways are also under
consideration, including waste and biomass pyrolysis and methanol-to-jet (MTJ) (ICAO 2025a).
The approved pathways and other emerging areas are described in more detail below.
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Table 2. Current ASTM-Approved Pathways to SAF.

Sources: ASTM D7566 and ASTM D1655

Pathway Acronym Eil::?f ing Example Feedstocks
ASTM D7566
o . Municipal solid waste,
égp:%;&?i?gs;gwsm SiesEEd FT-SPK 50% agricultural and forest
wastes, energy crops
Annex 2: Hydroprocessed Esters and Fatty ) o .
Acids Synthesized Paraffinic Kerosene HEFA-SPK 50% Fats, oils, and greases
Annex 3.: Hydroproces.,sed Fermented Sugars HFS-SIP 10% Sugars
Synthesized Isoparaffins
- : Municipal solid waste,
ﬁgpﬁ;eﬁ;ﬁt%hzrrgn%ﬁ’;‘;h Synthesized FT-SKA 50% agricultural and forest
wastes, energy crops
Anne>§ 5 Alcohol-to-Jet Synthesized ATJ-SPK 50% C»—Cs alcohols
Paraffinic Kerosene
. : Fatty acids, fatty acid
Annex 6: Catalytic Hydrothermolysis Jet o o
Synthesized Kerosene Esters and Fatty Acids CH 50% e§ters, or lipids from fats,
oils, and greases
Annex 7: Hydroprocessed Hydrocarbons & HC-HEFA- 10% Algae
HEFA Synthesized Kerosene SPK ° 9
Annex 8: AIgohoI-to-Jgt Synthetic Paraffinic ATJ-SKA 10% Ca—Cs alcohols
Kerosene with Aromatics
ASTM D1655
Annex 1: Co-Hydroprocessing fats, oils, o :
and/or greases (FOG) with Petroleum RIEFA e e, Gl Nl giEateEs
] . . Municipal solid waste,
Annex 1. Co-Hydroproce§smg Fischer- FT-SPK 5% agriculture and forest
Tropsch Hydrocarbons with Petroleum
wastes, energy crops
Annex 1: Co-Processing of HEFA HEFA 10% HEFA

While ASTM limits for coprocessing are low, there are expectations in the near term of an
increase to 30% (European Union Aviation Safety Agency 2025). Utilizing existing refineries
incurs lower capital costs compared with new plants and reduces logistics barriers, as any fuel
produced at a refinery flows through the supply in a business-as-usual model. Figure 8 highlights
various biomass-based intermediates that could be introduced to petroleum refineries and
coprocessed into SAF. FT waxes, FOG, and HEFA are the only approved coprocessing

feedstocks today
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Figure 8. Biointermediates for coprocessing in existing petroleum refineries

Beyond the stringent regulatory requirements to achieve flight certification, many SAF pathways
must also navigate complex societal issues involving the use of bio-feedstocks and arable
farmland. This tension has become known as the “food versus fuel” debate. Although the
environmental benefits and decarbonization potential of biofuels are well established, using
edible feedstocks such as corn, sugarcane, virgin vegetable oils, etc. for fuel which could
otherwise be used for food purposes inevitably leads to scrutiny around impacts on global food
insecurity. Consequently, the SAF industry is actively seeking alternatives that avoid direct
competition with food-grade feedstocks, instead favoring “second-" and “third-generation”
feedstocks (e.g., cellulosic and aquatic biomass) that utilize inedible forms of biomass and/or
marginal quality land. Moving forward, as these bio-based pathways seek to significantly ramp
up production, sourcing feedstock while navigating the challenging while considering the issues
around the food versus fuel debate and the associated land-use impacts will be a key issue for
some SAF pathways as discussed in more detail below.

2.1.1 ASTM-Certified SAF Production Technologies

2.1.1.1 Fischer-Tropsch Synthetic Paraffinic Kerosene

The first SAF pathway to become flight-certified was the FT pathway in 2009. Denoted as
Annex 1, FT generates a product known as synthesized paraffinic kerosene (SPK),
predominantly comprising isoparaffins and straight-chain paraffins (e.g., n-alkanes, iso-alkanes;
see Figure 3).

The FT pathway is a technically mature pathway of technology readiness level (TRL) 9 that has
been utilized to produce fuels for more than century, originating in Germany during World War
I. Today, FT is applied commercially to produce synthetic fuels, notably at large-scale plants in
South Africa and Qatar (Sasol n.d.; Shell n.d.).

The chemical mechanism of FT involves mixtures of carbon monoxide (CO) and H, a
combination known as syngas, that are converted into long, straight-chain hydrocarbons as
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shown in Eq. 1. This syngas feedstock can be sourced from the deconstruction of a wide variety
of carbonaceous feedstocks including coal, natural gas, biomass, municipal wastes, and others. In
modern commercial facilities, this is most often accomplished through the reforming of coal or
natural gas due to their relatively low cost and wide abundance, whereas future SAF facilities
would favor low-carbon-intensity feedstocks.

(2n+ 1)H, + nCO - C,Hyp4, + nH,0 (Eq. 1)

The FT process of catalytic chain growth is typically performed at elevated temperature
(approximately 220°C—350°C) and pressures (140 bar), involving catalyst blends of iron,
cobalt, or ruthenium (National Energy Technology Laboratory n.d.). One of the defining
characteristics associated with the FT process is the chain growth mechanism and the wide
distribution of hydrocarbons produced. Specifically, during the FT reaction the distribution of
hydrocarbons is governed by the Anderson-Schulz-Flory probability of chain growth, shown in
Figure 9. Depending on the chain growth probability a, the distribution of products can range
from almost entirely C; in the case of low a values to exclusively high-molecular-weight species
>Cyo in the case of high a values.

ASF Product Distribution: Highlighting Jet Fuel (C8-C16)

C1{Methane)
- C2-C4(LPG)
C5-C11 {Gascline)
C12-C20 (Diesel)
C21+ (Wax)
80 1 m— CB-C16 (Jet Fuel | Kerosene)

100

Weight Percent (%)

0.0 0.2 0.4 06 038 10

Chain Growth Probability (a)

Figure 9. Anderson-Schulz-Flory chain growth probability

Consequently, synthetic fuel producers seek to manipulate internal operational parameters such
as catalyst metal blends, temperature, pressure, and CO/H; ratio to influence and promote a chain
growth probability typically in the range of 0.80-0.85 (c.f., Figure 9). In this range, the yield of
hydrocarbons conducive to the most optimal fuel properties (e.g., Cs—Cis for SAF) is maximized.
However, even under these ideal conditions, a range of byproducts is also formed across the light
hydrocarbons (e.g., Ci - Cs), gasoline, diesel, and wax ranges. While some of these byproducts
can be recovered for heat, recycled in internal loops, or sold for credits, ultimately these
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challenges in hydrocarbon selectivity contribute toward lower SAF yields and can create
economic barriers if consumers of these coproducts are not identified at the appropriate scale and
price point.

Being a mature commercial process, the design and operation of FT plants have largely been
optimized. Therefore, the key enablers of FT economic viability are primarily (1) sourcing low-
cost feedstocks for generating syngas, (2) operating at a large scale to maximize the benefits of
economies of scale to minimize relative capital expenditure impacts, and (3) maximizing
selectivity to SAF-range hydrocarbons and valorizing coproducts to offset costs.

2.1.1.2 Hydroprocessed Esters and Fatty Acids

In 2011, a second pathway to SAF was approved: SPK from HEFA. HEFA is a mature TRL 9
pathway that currently represents the most widely commercialized and one of the lowest-cost
SAF production routes in the United States (see Table 4) (Rosales Calderon et al. 2024b). Unlike
FT, where small molecular building blocks (syngas) are combined to construct long-chain
hydrocarbons, the HEFA process effectively works in reverse. The process starts from feedstocks
comprising predominantly high-molecular-weight triglycerides and fatty acids (e.g., seed oils;
animal fats, oils, and greases); HEFA deconstructs these large molecules into fuel-range
hydrocarbons.

Shown in Figure 10, the HEFA process involves four key stages: (1) pretreatment to remove
solids and other contaminants that may impact catalyst operability and lifetime; (2) a
hydrodeoxygenation step to remove oxygen and saturate C-H bonds; (3) partial isomerization of
the product to generate branched hydrocarbons (e.g., iso-alkanes) with improved fuel handling
properties (e.g., freeze point, viscosity); and (4) hydrocracking to break up the initial long-chain
hydrocarbon into smaller fuel-range molecules (e.g., Cs—Cis for SAF). Steps 3 and 4 are
conducted at the same time using the same catalyst in the same reactor.

Similar to the FT pathway, the HEFA process generates a distribution of hydrocarbon products
including fuel gas (e.g., lights), naphtha (e.g., gasoline), diesel, and kerosene. The relative
breakdown of each component is largely dictated by the operator and the applied processing
steps. Specifically, with the starting HEFA feedstock already comprising diesel-range Ci6-Cis
hydrocarbons, all that is needed is a deoxygenation and mild isomerization step to produce drop-
in ready renewable diesel. However, to produce jet fuel in the range of Cs-Cis, a third
‘hydrocracking and isomerization’ stage is required to reduce the carbon number and effectively
break the molecules into smaller pieces. As the hydrocarbons are cracked, inevitably some
carbon is lost to the formation of smaller molecules in the C;-Cs range, reducing the overall
carbon yield to jet fuel. Currently, the higher yield and lower capital and operating costs
associated with renewable diesel production has contributed to the majority of domestic HEFA
operators favoring renewable diesel production over SAF. Production estimates for 2030 suggest
approximately 80% of HEFA production capacity will be directed to renewable diesel (Rosales
Calderon et al. 2024b).
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Figure 10. Overview of the HEFA process.

Similar to FT, the HEFA process has largely been de-risked from a technical viability standpoint
such that the remaining barriers are predominantly economic and market-focused. Specifically,
the key challenges faced by HEFA are (1) sourcing low-cost and low-carbon hydrogen for the
various hydrotreating stages and (2) sourcing sufficient quantities of the HEFA feedstock itself.
Indeed, one of the most serious barriers to the widespread future build-out and expansion of
HEFA surrounds the availability of feedstocks. An analysis of current HEFA feedstock supply
provided in Figure 11 shows that utilization of traditional HEFA feedstocks—approximately a
55%-t0-45% split across the food industry and biofuels, respectively—already exceeds domestic
production by nearly 4 million tons per year, with the difference coming from imports (Rosales
Calderon et al. 2024b). Further, future projections for HEFA feedstock supply show only a 14%
increase in production capacity and imports out until 2032, casting some doubt around the long-
term outlook for HEFA-derived SAF and emphasizing the need for supplementary solutions. As
discussed above, some public concern surrounds HEFA-derived SAF due to the “food versus
fuel” debate in using pure vegetable oils (for example soy and canola) which creates the
perception of fuel in competition with food supplies. One proposed solution is to seek out new
sources of oily feedstocks that do not directly contribute this debate, such as algae and rotational
cover crops (e.g., camelina- and pennycress-derived seed oils). However, these next-generation
feedstocks have not yet been proved at scale and are suggested to need further technological
advancements, investments, and policy support to contribute significantly to future feedstock
supply (Rosales Calderon et al. 2024b).
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Figure 11. HEFA feedstock supply and demand in the United States (2022).
Reproduced from Rosales Calderon et al. (2024a). DCO = Distillers Corn Oil; UCO = Used Cooking Oil.

2.1.1.3 Synthetic Isoparaffins

The third ASTM pathway certification came in 2014, known as SIP. Developed by Amyris and
Total Energies, SIP is a multistep biological approach to produce long-chain hydrocarbons of the
sesquiterpene family (TotalEnergies 2014). Based on recent small pilot- and demonstration-scale
operations on the order of ~140 barrels/day, SIP can be viewed as approximately a TRL 7
pathway (Fuels and Lubes 2013).

The core elements of the SIP process can be broken out into three parts: (1) enzymatic
hydrolysis, (2) fermentation, and (3) hydrogenation, as seen in Figure 12. In the first stage,
carbohydrate-rich feedstocks are deconstructed via enzymatic hydrolysis to separate, isolate, and
recover glucose. Commonly studied feedstocks include sugarcane, sugar beets, and corn. The
glucose recovered from the hydrolysis step is then fed to a fermenter, where an engineered yeast
strain Saccharomyces cerevisiae selectively converts the carbohydrate stream into a specific
class of C1sHa4 sesquiterpenes known as farnesene. In the final step of the SIP process, the
farnesene undergoes catalytic hydrogenation to farnesane (CisH3»), a fully saturated branched
isoparaffinic hydrocarbon with desirable fuel properties (e.g., high energy density, low soot
formation). However, having no inherent aromatics and being comprised nearly entirely by a
single molecule type versus the conventional wide range of hydrocarbons (c.f., Figure 3), current
ASTM certifications restrict the blending of SIP to 10% or less to mitigate potential physical
properties issues (e.g., viscosity, density, etc.) arising from an asymmetric distribution favoring
heavy molecules (Cis+).

15

This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications.



1
1
Hydrogen :_
Production 1
1
1

Feedstock
Lignocellulosic Biomass

5 2@ -

o i

I4
~

)
Solids Cellulose Glucose ) Farnesene )

Pretreatment —l s — Fermentation ——- Hydrogenation |==ip- SAF
-~
)

Hydrolysates Xylose
= Hydrolysi
verolsis N NN

—— C,H.,,- Farnesene

Figure 12. Biomass-to-SIP process flow diagram.
Adapted from Peters, Alves, and Onwudili (2023)

Despite being one of the earliest certified pathways to SAF, the SIP process has seen less
commercial activity and interest relative to other SAF pathways (e.g., HEFA, FT, ATJ). Unlike
some other processes that can valorize low-cost waste streams (e.g., used cooking oil, industrial
flue gases), SIP favors dedicated on-purpose production of sugar-rich crops, which can both
increase the operating costs and intensify concerns with the “food versus fuel” land-use debate.
Further, from a technical performance perspective, the current limits with respective
fermentation yields combined with complex downstream purification contribute to a final SAF
selling price that can be double or more of other SAF pathways (Grim et al. 2022). To date, SIP
remains a niche pathway with minimal commercial interest beyond a small number of initial
demonstration flights.

2.1.1.4 Alcohol-to-Jet

The certified ATJ pathway is a TRL 8-9 technology that involves the upgrading and conversion
of two alcohols, butanol and ethanol. Annex A5 (ATJ-SPK) of ASTM D7566 was approved in
2016 for SPK from iso-butanol (30% blend with petroleum) based on technology developed by
Gevo. Later, the annex was expanded in 2018 to include SPK from ethanol based on technology
developed by LanzaTech and Pacific Northwest National Laboratory and raised the fuel blending
limit up to 50% with petroleum (Holladay et al. 2020).

Shown in Figure 13, the ATJ pathway comprises four key conversion steps: (1) alcohol
dehydration to olefins (e.g., ethylene); (2) olefin oligomerization, where low-molecular-weight
olefins are combined into a distribution of longer-chain olefins; (3) hydrogenation of olefins to
saturate double bonds and increase energy content; and (4) separation and fractionation to the
appropriate carbon range for target fuel applications consisting of primarily of paraffin and
isoparaffin hydrocarbons. Although shown below in ‘maximum jet configuration’ producing
~90% SAF and 10% renewable diesel, similar to other pathways, the final product composition
can be tuned based on the operating conditions during oligomerization. With this flexibility,
operators can respond to market signals and change the product to as low as 25% SAF / 75%
renewable diesel if desired (Lanzalet 2025).
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Figure 13. Overview of the ATJ process.
Adapted from LanzaTech (n.d.)

One of the defining attributes of the ATJ process is the potential flexibility of the feedstock
supply combined with the maturity of the domestic fuel-ethanol supply chain. Whereas in the
case of HEFA or SIP, where the commonly cited feedstocks include only a narrow class of
inputs, alcohols can be sourced from a more diverse and broad set of potential resources.
Specifically, in addition to the traditional biological approaches for producing alcohol via corn
fermentation, additional routes have been developed to produce alcohols from a variety of low-
cost waste carbonaceous resources. As one example, engineered microorganisms developed by
LanzaTech have been tested and shown to convert raw synthesis gas mixtures (e.g., CO2/CO/H>)
directly into alcohols (LanzaTech 2023). This syngas can be derived from gasification of
municipal solid waste streams, electrolysis, or even directly from industrial flue gases (e.g., steel
mills). This feedstock flexibility not only serves to increase the potential scalability of ATJ, but
in many cases, can also help to lower the input costs and alleviate food versus fuel challenges.

Among SAF pathways, ATJ is second only to HEFA in terms of current domestic commercial
activity. Lanzalet, a spinoff from LanzaTech, now operates the first and largest commercial-
scale ATJ-to-SAF facility at the Georgia Freedom Pines Fuels plant, converting fuel-grade
ethanol into SAF. However, despite its technical maturity and promise, ATJ faces several
remaining challenges that currently limit large-scale deployment. The most significant barrier is
the cost and carbon intensity of alcohol feedstocks. Specifically, while the domestic fuel-grade
ethanol market is large, the carbon intensity of conventional fermentation-derived ethanol varies
widely and may diminish the potential life cycle benefits of the SAF produced. Fully low-carbon
alcohol sources such as second-generation cellulosic ethanol, waste-derived ethanol, or CO»-
derived alcohols are most sought after; however, their supply remains relatively small and higher
in cost.
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2.1.1.5 Catalytic Hydrothermolysis

Catalytic hydrothermolysis is a TRL ~8 pathway and among the latest of the approved SAF
pathways, achieving ASTM certification in early 2020. Pioneered by Applied Research
Associates under the tradename ReadiJet, CH-derived SAF represents a drop-in ready fuel
containing the same molecules with the same performance as petroleum jet fuel, able to meet Jet
A, Jet A1, JP-5, and JP-8 fuel specifications without the need for blending with petroleum
(Applied Research Associates n.d.). However, blending is currently limited to 50%.

The CH conversion process involves the deconstruction of triglyceride-based feedstocks (e.g.,
seed oils, animal oils, fats, greases) into hydrocarbons via exposure to catalysts in the presence of
supercritical or near-supercritical water. The multistep CH conversion process is shown in Figure
14, involving discrete preconditioning, conversion, and refining stages. During the
preconditioning steps that include conjugation, cyclization, and crosslinking chemistry, the
chemical backbone of the triglyceride feedstock is catalytically altered to prepare the fatty acid
chains for subsequent conversion, a crucial step that prevents the excessive formation of light
gases and maximizes the yield to jet range hydrocarbons (Eswaran et al. 2021). After
preconditioning, exposure to high-temperature, high-pressure water facilitates cracking,
deoxygenation, and cyclization chemistries to generate a broad, more petroleum-like distribution
of hydrocarbons, including a mixture of paraffins, isoparaffins, cycloalkanes, and importantly a
tunable fraction—typically 5% to 25% —of aromatics. This produced aromatic fraction is a key
differentiator from other SAF pathways which typically must blend with petroleum-based jet to
meet specifications. The aromatic fraction is a necessary ingredient of SAF that plays a critical
role to (1) swell aircraft elastomer seals, (2) improve volumetric energy content, and (3) optimize
lubricity and viscosity.
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Figure 14. Overview of the CH process

While on the surface CH resembles the HEFA pathway in that it is similarly based on the
cracking of triglyceride feedstocks, CH is considered to be more tolerant of impurities, moisture,
and composition. Specifically, whereas HEFA typically requires clean, refined oils and extensive
feed purification to protect the activity and lifetime of the hydrotreating catalysts, CH’s
hydrothermal environment and fundamentally different chemical process is comparatively more
tolerant of impurities, allowing the use of high-free-fatty-acid ‘brown’ greases, animal fats, wet
algae oils, and other lower-grade streams with minimal pretreatment. These less stringent purity
requirements for CH feedstocks minimize the need for costlier pre-conversion cleanup and
enhance overall feedstock flexibility to support commercialization and scale-up.
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Despite the various promising aspects of the CH pathway, it has not yet been deployed at
significant scale. The high temperatures and high pressures required to generate supercritical
water can drive up both operating and capital costs due to lower efficiency and more demanding
metallurgical and maintenance requirements. Further, the generation of water-rich waste streams
require more extensive and costlier cleanup than in some other pathways. Ultimately, when
viewed against similar triglyceride-based pathways (e.g., HEFA), currently HEFA benefits from
a first-mover advantage and direct linkage to the established commercial renewable diesel
market; additionally, HEFA is more commercially practiced because of the more mature
technical pathway, compatibility with existing decades-old renewable diesel infrastructure, and
clearer and established offtake pathways from multiple providers (e.g., Neste, UOP, Eni,
Chevron, Marathon, Philips66, Holly Energy). Nevertheless, CH is viewed as a pathway with
great potential, particularly because of its more complete hydrocarbon product distribution
(including aromatics) and lower H> consumption; however, it still needs further scale-up, de-
risking, and cost reduction to compete at scale.

2.1.2 Emerging Sustainable/Synthetic Aviation Fuel Production Technologies

2.1.2.1 Methanol-to-Jet

MT] is an emerging SAF pathway currently under review by ASTM with estimated certification
by 2026-2027. While technically an “ATJ” pathway, MTJ is chemically distinct from the
conventional ATJ process. While ATJ converts C> or C4 alcohols through a multistep
dehydration—oligomerization—hydrogenation sequence to produce predominantly paraffinic
hydrocarbons, MTJ leverages de-risked and industry-vetted petrochemical processes such as
methanol-to-olefins or methanol-to-gasoline. These zeolite-based catalytic processes convert
methanol into a broad range of hydrocarbons more closely resembling petroleum-derived jet
fuel, including not only paraffins, but also isoparaftins, cycloalkanes, and aromatics. However,
despite the individual steps being commercialized and TRL 9, no integrated process combining
all steps specifically for MTJ has been demonstrated at large scale, contributing to an estimated
TRL of 6.

One of the principal drivers for MTJ development is the widespread availability of methanol
feedstock, with current global production capacity exceeding 100 million metric tons (MMT)
annually. For context, if this methanol production were hypothetically redirected entirely
towards MTJ, on the order of 35-40 MMT of SAF could be produced annually, representing
~12%—13% of current global jet fuel consumption (Eyberg et al. 2024, IATA 2025d). Similar to
AT]J, methanol can be sourced from a wide variety of low-carbon sources, including biomass and
waste gasification; industrial off-gases; and e-methanol synthesized from captured CO> and
renewable hydrogen. This provides a scalable and globally accessible pathway that can integrate
or bolt on to existing methanol markets and infrastructure. The ability of MTJ to generate
aromatics and higher-density fuel components also offers advantages for meeting aviation fuel
specifications, particularly those related to density and seal compatibility, as noted previously.
Although the MTJ pathway is not yet ASTM certified, its alignment with mature petrochemical
processes and the rapid expansion of global methanol capacity has garnered significant industrial
industry—especially across Europe—among key developers like Honeywell/UOP, Topsoe, and
Exxon Mobil.
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MT]IJ has not yet seen significant commercialization due to several technical, economic, and
regulatory factors. First, the pathway is not currently certified under ASTM D7566, which as
described above can be a lengthy multiyear process. Further, from an economics perspective,
MT]J involves multiple catalytic conversion stages and hydrogen-intensive upgrading, making
capital and operating costs relatively high, especially when using sources of renewable methanol
as a feedstock, which can be multiple orders of magnitude more expensive than conventional
fossil-based methanol. Additionally, because the distribution of hydrocarbons produced via MTJ
is diverse, spanning light ends (Ci-Cs) to a heavier diesel cut (Ci7+), it requires downstream
separation and upgrading to meet jet fuel specifications. Finally, because the incumbent SAF
pathways such as HEFA, ATJ, and FT-SPK have already achieved approval and various levels of
commercial deployment, MTJ—as other emergent pathways—must show a clear value add
relative to the other pathways to spur a new wave of investment. For these reasons, MTJ remains
a promising but largely pre-commercial pathway.

2.1.2.2 Power-to-Liquids

The final emerging pathway discussed herein is PtL. Although across the aviation sector the term
is commonly used to describe specifically FT-based e-kerosene, PtL is a catchall term for the
family of conversion pathways that transform CO», H>O, and low-carbon electricity into liquids
and fuels (Figure 15). The key defining features of PtL, as the name suggests, are pathways
whose carbon is sourced from CO; and whose energy input is electricity, independent of the
downstream conversion technology used. These downstream conversion technologies can
directly interface with electrons through processes like CO; electrolysis, plasmas, and microbial
electrosynthesis; or indirectly through reactions with intermediate electricity-derived energy
carriers like artificially generated light or H> derived from alkaline, proton-exchange membranes
(PEMs), or solid oxide electrolyzer cells.
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Figure 15. Overview of the PtL concept.
Adapted from Seymour et al. (2024)

PtL is attracting growing interest as a pathway to SAF because it addresses several fundamental
limitations of biomass-based pathways while also providing opportunities for improved
efficiency and energy security. First, PtL does not rely on agricultural feedstocks, waste lipids, or
land-dependent biomass resources, offering a scalable pathway unconstrained by biomass growth
rates or availability, wholly avoiding the “food versus fuel” societal issue. Further, PtL is well
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positioned to leverage future expansion of the renewable electricity market which, when paired
with modular-designed electrolyzers for producing CO or Hz, unlocks a myriad of potential
siting opportunities in regions with abundant wind, solar, or other renewable resources. Finally,
because its carbon originates from CO- and its energy input is low-carbon electricity, PtL has
potential environmental advantages where its life cycle emissions have the potential to approach
net zero when paired with direct air capture and fully renewable power, offering pathways for
improved efficiency and energy security.

Despite its long-term strategic importance to supplying the expanding aviation market, PtL SAF
faces substantial challenges to achieving meaningful mainstream deployment. The most
significant barrier is the required energy intensity and consequent cost. Specifically, whereas
petroleum and biomass feedstocks start with C-H chemical bonds and some intrinsic energy
content, COz is highly stable, contains no inherent energy (i.e., heating value), and comprises
mostly oxygen by weight (~73 wt %). Therefore, PtL processes require enormous energy input to
deoxygenate and elevate the energetic properties of the CO» feedstock into something more
resembling a fuel. Due to this high intrinsic energy intensity, the economic viability of PtL is
inextricably linked to the availability of high volume of low-cost (and low-carbon) energy
sources to rebuild the single-carbon CO, feedstock into high-molecular-weight, energy-rich
molecules. Furthermore, CO2 capture—particularly direct air capture—adds additional cost and
complexity to an already intricate front-end-loaded process requiring electrolyzers, CO; capture
units, syngas conditioning, and synthesis reactors, all of which must operate at high utilization to
achieve competitive economics.

Although PtL is an “emerging technology” from a commercial deployment standpoint, it is
important to note that some PtL fuels are already ASTM certified. For example, the PtL fuels
produced via alcohol intermediates or FT synthesis are already covered under existing ASTM
D7566 annexes (i.e., Annexes 1, 3, 5, 8).

Currently, the commercial development of PtL. SAF is driven by a combination of technology
licensors, energy companies, startups, and government-backed entities. Leading players include
companies specializing in e-fuel systems, such as Norsk e-Fuel and HIF Global, alongside
technology providers, such as Johnson Matthey, Topsoe, Sasol, and Shell, working on reverse
water-gas shift and FT e-fuel platforms. The near-term outlook for PtL is driven heavily by the
recent European ReFuelEU program, which mandates a growing share of synthetic aviation
fuels, effectively guaranteeing demand for PtL SAF for as long as the mandates remain in place.
Most forecasts anticipate the first wave of meaningful commercial PtL capacity coming online in
the late 2020s, with significant scaling during the 2030s as renewable electricity prices fall and
electrolyzer manufacturing expands. Despite high costs today, PtL is widely viewed as a critical
long-term solution to improve the efficiency and energy security of the aviation sector by
midcentury.

2.1.3 Jet A and SAF Distribution

The method of moving fuels throughout the country depends on the location of production, fuel
type, and volume. The modes of fuel transport include barge, tanker (ship), pipeline, rail, and
truck (Figure 16). The U.S. fuel system is considered fungible, where multiple products share
infrastructure. All modes have regulations and standards that ensure safe delivery of fuel meeting
quality specifications. When SAF is blended into Jet A (as currently required) the resulting blend
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is certified as meeting the ASTM D1655 standard for conventional jet fuel, and is therefore a
fungible fuel.

Jet fuel, including SAF blends, is tested for fuel quality at each movement across the supply
chain. Jet fuel may pass through one or more terminals, and the quality is tested at the production
location, each terminal, and the airport. Pipelines carry multiple fuels in batches; barges can
transport several fuel types with multiple tanks; and the same railcar type is used for biofuels and
petroleum products, but they are generally leased and used for a single product over the period of
that lease. Dedicated trucks are used to move Jet A from terminals or refineries to airports where
pipelines are not available.
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Figure 16. SAF and conventional jet fuel supply chains

Jet fuel is commonly moved by pipeline, which is the preferred method to move transportation
fuels due to efficiency and cost. Petroleum product pipelines were built to move fuel from
refineries and import terminals throughout the country. Jet fuel may pass through one or more
terminals before arriving at an airport. Pipelines batch fuels based on fuel properties, and if
dissimilar fuels come into contact, a transmix or interface is delivered to a separate tank for
reprocessing. Pipeline customers receive the specified volume of fuel; however, they are not
receiving fuel from a particular terminal or refinery. For example, an energy company may ship
their jet fuel on a pipeline to a terminal thousands of miles away and receive the volume of fuel
ordered, but it is not necessarily the fuel from their refinery. While possible to track a segregated
batch, it is both costly and uncommon; it has been done for demonstration purposes. For
example, batches of Jet A/SAF blends from Houston terminals were sent up the Colonial
Pipeline system and delivered by pipeline and truck to LaGuardia International Airport and
Patrick Leahy Burlington International Airport, respectively (Neste 2022; Business Air News
2025). 100% SAF (also referred to as neat SAF) has not been shipped on pipelines and would
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require pipeline companies publishing rates per Federal Energy Regulatory Commission
requirements.

Barges are used to move fuels along rivers and inland waterways and along the costal United
States. The federal Jones Act requires that all goods transported in U.S. waters be carried on U.S.
vessels (U.S. Customs and Boarder Protection 2024). SAF has also been moved by tankers, ships
designed for bulk transport of oil and petroleum products and generally move large volumes used
for both imports and moving fuels within the United States.

Jet A is not moved by rail. Biofuels, including ethanol and biodiesel, are commonly moved by
rail due to both location of production and that neither are drop-in fuels. SAF has been moved by
rail, primarily from the Montana Renewables plant to Southern California (BNSF Railway
2023). Not all terminals have rail facilities, and in those instances the biofuels are received at a
transmodal facility and delivered to nearby terminals by truck.

Trucks are used to move jet fuel from terminals to airports that do not have pipelines. Airports
without fuel hydrant systems use trucks to move fuel to aircraft. Due to volumes and cost, it is
preferred to use trucks to move fuels short distances.

Jet fuel is moved within the United States primarily by pipelines. Movement data is reported
between U.S. Petroleum Administration for Defense Districts (PADD). PADDs were originally
established during World War II to ration gasoline and evolved to serve as aggregated
geographic divisions for transportation data reporting. Figure 17 shows the large movements
from PADD 3 to PADDs 1 and 2 (EIA 20251). Figure 17 also highlights that the United States is
a net exporter of jet fuel. The reasons for high imports to PADD 5 are high demand and
insufficient pipeline capacity to move fuel from PADD 3 (EIA 2025m). Exports from PADD 5
are primarily to Canada and Mexico (2025n). SAF movements are not reported by the EIA.
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Figure 17. Jet fuel movements.
Source: EIA (2025l)

Table 3 overviews the various distribution modes to provide general comparisons only and does
not represent rates for all barge, rail, and pipeline providers. Publicly available rail, barge, and
tanker rates are limited, and pipeline rates must be obtained from each company. There is not a
direct correlation between rates and distances as both volume and competition impact rates. The
Federal Energy Regulatory Commission requires pipeline companies to publish their rates. Rail
rates can be requested by government agencies from the Surface Transportation Board Office of
Economics (Surface Transportation Board 2025); barge and tanker rates are known to fluctuate
and are not published. Current and historical rate data between multiple markets for pipeline,
rail, barge, and tankers can be purchased.
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Table 3. Petroleum Product Distribution Modes.

Mode

Example Rates

Volumes

Considerations

Pipeline

Barge/tanker

Rail

Truck

$0.05/gal;
$0.02-$0.14/gal
range (2025)?

Barge $0.11/gal
Houston-New
York (2022)c

Average
$0.23/gal (unit)
$0.29/gal
(single); range
$0.09-$0.41/gal
(2021 data)

Not reported

10,000-100,000
barrels minimum
(420,000-4.2

million gallons)®

Barges:
400,000-1.2
million gallons ¢;
tankers: 2-52
million gallons ¢

Rail cars 30,000
gallons; unit
trains ~110 rail
cars d

Truck capacity
3,000-10,000
gallons f

Pipeline companies publish rates
and set minimum batch volumes
for all pipelines.

Rates are highly variable. Jones
Act requirements for U.S.-
flagged ships to move fuel
between U.S. ports impacts
costs.

Rail cars are leased by fuel
producers/distributors/marketers.
Unit car trains carrying a single
commodity receive a better rate
than trains carrying multiple
products (single rate).

Jet fuel trucks are dedicated and
move fuel from fuel terminals to
airports and airport tank farms to
aircraft where pipeline or fuel
hydrant systems are not present.

@ Buckeye Partners (2025), Colonial Pipeline (2025), Kinder Morgan (2025), Magellan Pipeline Company, L.P. (2024);
b Exploration Company (2023); ¢ Cyran (2022); 4 National Oceanic and Atmospheric Administration (2016); ¢EIA

(2014b); f Seidenman (2023)

Figure 18 shows major pipelines carrying jet fuel through the United States, refineries,
biorefineries producing SAF, and airports with fuel constraints (Airlines for America 2021). Fuel
constraints occur when airports’ jet fuel supply cannot keep up with demand, particularly during
times of peak demand. There are continued constraints within the fuel distribution system, and
the fuel-constrained airports shown in Figure 18 represent a snapshot in time as of 2023. There
are airports whose dedicated pipeline from the terminal are operating at capacity and there is
limited ability to expand pipeline capacity. Airports with pipeline capacity issues supplement
with truck deliveries and tankering during times of peak demand. Airports that receive fuel by
truck are impacted by a lack of drivers. National Tank Truck Carriers Inc. reported in May 2021
that the previous 2 years saw a 42% decline in qualified driver applicants and an overall decline
of 23% of drivers (National Tank Truck Carriers 2021). Also, there are constraints within the
interstate pipeline system where demand to move transportation fuels outstrips available space

on the pipeline.
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Figure 18. Refineries, major pipelines carrying jet fuel, and constrained airports.

Sources: Pipelines (Airlines for America 2021), petroleum refineries (EIA 20250), and biofuels refineries producing
SAF (EIA 2025c¢). Constrained airports information was provided to the National Laboratory of the Rockies (NLR) by
Airlines for America in September 2023.

2.1.3.1 Airport Infrastructure

All commercial airports have on-site fuel storage in an area called the tank farm. A tank farm
comprises multiple interconnected pieces of equipment designed to safely receive, store, and
dispense fuel to a hydrant system or truck delivery to aircraft (Moriarty and McCormick 2024).
Generally, airports own the tank farm and lease it to an airline fuel consortium or fixed-based
operator who manages it. Smaller airports may operate differently, where the airport operates the
fuel system or hires a third party to do so. Because SAF/Jet A blends are delivered from
terminals via the same pipelines and trucks used for Jet A, airports do not need to make any
changes to their airport tank farms or procedures to receive SAF/Jet A blends.

The purpose of airline fuel consortiums, common at U.S. airports, is to pool resources and ensure
quality and timely delivery of jet fuel to all airlines through shared infrastructure. The airline
consortium model allows airlines to source fuel from multiple fuel producers. Airline fuel
consortiums do not buy or sell fuel, but act as the operator of the fuel infrastructure. Airlines are
responsible for purchasing fuel and ensuring quality. The consortium may directly operate the
infrastructure system or contract out operations to a third party.

Fuel is delivered from the tank farm to aircraft by either a fuel hydrant system or fuel trucks. All
airlines agree to allow the use of ASTM D1655-compliant jet fuel containing SAF at an airport,
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as specific SAF blends would not be delivered to a particular flight or airline due to the
fungibility of the system. However, airlines and other aviation customers buying SAF would
receive any benefits associated with purchasing the fuel.

2.1.3.2 SAF Blending

SAF coprocessed at existing petroleum refineries and certified as ASTM D1655 fuel at the
refinery is distributed throughout the supply chain in a business-as-usual manner. SAF produced
at a stand-alone facility or biofuels facility (several plants also produce renewable diesel) require
more consideration of where and when to blend with Jet A. Past studies have identified fuel
terminals as the ideal location for blending due to fuel quality considerations (Moriarty and
McCormick 2024; Moriarty et al. 2021). Terminals lease space for storage and blending
activities to fuel producers, distributors, and marketers. Further considerations of where to blend
SAF and Jet A include:

e Fuel Terminals: Terminals are equipped with blending equipment, software, and staff,
as they are currently designed to blend on-highway transportation fuels. The terminal
could be directly connected to an airport via pipeline or may be thousands of miles away
to address infrastructure constraints and the needs of fuel producers, suppliers, and end
users. It is important to note that neat SAF from two different annexes (pathways) cannot
be comingled into the same tank at the point of blending with Jet A (ASTM International
2025b; Energy Institute 2025).

e Airports: Blending at an airport is not preferred for several reasons, including that it
would be the first instance of certifying the SAF/Jet A blend as ASTM D1655 compliant;
significant capital investment is required to add blending equipment, software, and
additional off-spec tanks; impacts to airport tank farm insurance; increased truck traffic to
airports for SAF delivery; and additional staff for blending operations.

e Refineries: In limited instances it may be possible to deliver and blend SAF and Jet A in
refinery storage. Refinery short-term storage is generally sized for the refinery capacity.
A refinery would need offloading equipment to receive fuel by truck or barge/tanker.

e Greenfield/brownfield sites: Establishing a new blending site near an airport or
concentrated SAF production area is possible. Capital costs would be high, and
permitting a new blending facility and associated pipelines would take years. This option
would likely only be considered for geographic areas with significant capacity constraints
for existing fuel infrastructure.

Methods for storing and blending SAF are a function of fuel handling requirements, terminal
operations, and the preferences of fuel suppliers and end users. Currently, SAF and Jet A are
stored in separate tanks, where they are both tested for compliance with ASTM D7566 and
ASTM D1655, respectively. SAF and Jet A are delivered in the desired ratio to a third blending
tank, where the fuel is tested and certified as ASTM D1655 (Figure 19). A second option, not in
use today, would deliver SAF directly to Jet A tanks for blending, where the fuel would be tested
and certified as ASTM D1655. European best practices dictate that SAF use dedicated
infrastructure for this second option (Energy Institute 2025). This second option, if enabled in the
future, could be more economical and reduce the tankage necessary for blending SAF and Jet A.
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Figure 19. Current method of blending Jet A and SAF at a terminal.

2.1.4 SAF Projected Demand and Production Forecast

Future Jet A and SAF demand and production data assumes continued growth in air travel. The
Federal Aviation Administration projected that U.S. jet fuel demand will reach 34 billion gallons
per year by 2050 (Federal Aviation Administration 2021). The EIA projects 2050 global jet fuel
demand of 22.35 quadrillion Btu (equivalent to 165 billion gallons) (EIA 2023a). SkyNRG’s
2025 SAF Market Outlook projects a 2050 global jet fuel demand of 154 billion gallons
(SkyNRG 2025).

Various SAF demand predictions are shown in Figure 20. SkyNRG’s study also projects SAF
demand based on various policy scenarios, including “existing policies,” which assumes existing
mandates are met; “current trends,” which assumes the addition of targets being met; and
“accelerated actions,” which assumes additional policies that aim toward net-zero goals
(SkyNRG 2025). A caveat is that demand projections are based on policies that often reflect a
percent of Jet A demand; some fuel policies are flexible and can be met by SAF and other
biofuels, and global policy is evolving (SkyNRG 2025). Rocky Mountain Institute (RMI)
estimated SAF demand for a low-demand scenario based on existing mandates and voluntary
markets and a high-demand scenario based on additional mandates and a higher voluntary
market (Rocky Mountain Institute 2024).

28

This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications.



100,000

90,000 m 2030 m 2050

80,000

70,000

60,000

50,000

40,000

30,000

20,000

=l o

Million Gallons

0
RMI (low RMI (high Sky NRG Sky NRG Sky NRG
demand) demand) Demand Demand Demand
(existing (current trends) (accelerated
policies) actions)

Figure 20. RMI and SkyNRG SAF demand, 2030 and 2050.
Sources: RMI (2024), SkyNRG (2025)

Figure 21 shows future SAF production needed over time to meet IATA’s net zero transition
goals. These goals require about165 billion gallons of SAF production by 2050, which matches
EIA projections for future global jet fuel demand (IATA 2024a; EIA 2023c).
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Figure 21. IATA SAF production output
Source: Data provided by IATA (2024a)
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IATA also evaluated future production potential by pathway to meet future SAF demand (IATA
2024a). Figure 22 shows HEFA as the primary source until 2040, but it plateaus due to lack of
feedstock availability. The other pathways are expected to grow as technology matures. PtL
growth is anticipated due to technology advancements and the assumption of unlimited CO>
feedstock and electricity availability (IATA 2024a).

Figure 22 shows potential production by pathway to meet SAF production requirements for
IATA’s roadmaps and IATA’s 2025 Global Feedstock Assessment for SAF Production estimates
potential based on feedstock availability. This study found that feedstock availability by 2050
could produce 400 MMT (132 billion gallons), half supplied by biomass-based SAF and half by
PtL SAF. This study assumed that 35% of an estimated 12,000 MMT of global biomass
feedstock availability is used for bioenergy and that 1,580 MMT would be used for SAF
production. The study also assumes PtL SAF would account for 50% of the 400 MMT based on
use of 1,000 MMT of biogenic CO> (IATA 2025¢).
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Figure 22. IATA SAF production projections by pathway
Source: Data provided by IATA (2024a)

Several organizations have evaluated future SAF production potential based on feedstock
availability and pathway technology commercialization—these studies include SAF produced
from both biomass and electricity. IATA states that the limitation for current and future SAF
production is commercial development of multiple technology pathways rather than feedstock
availability (IATA 2025¢). NLR evaluated theoretical U.S. SAF production potential if available
biomass were directed toward SAF and biorefineries optimized for SAF production. The study
found that the 2030 base case scenario and a 2040 expanded scenario could result in 42 and 63
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billion gallons of SAF production, respectively (Tao and Brown 2023).? This should be viewed
as a theoretical limit for domestic biomass-based SAF production, as the feedstocks are used for
other biofuels and products, and biofuel refineries may produce multiple fuels and not be
designed to maximize SAF production.

A key point is that HEFA is currently the lowest-cost, best near-term feedstock. However, supply
is projected to plateau by the mid-2030s. If lower cost carbonaceous resources become more
widely available (e.g., biogas, municipal solid waste and biomass gasification, CO> capture, low-
cost renewables) as projected by IATA, alternative pathways are anticipated to gain significant
market share from 2035 to 2050 (c.f., Figure 22). A key enabler to meeting these projections will
be electricity availability and pricing, where, depending on study, PtL is seen as comprising
>40% of total SAF production by 2050. While an exact electricity price ‘target’ will be case
dependent and vary on numerous factors (e.g., availability of incentives, fossil jet market price
dynamics, pathway efficiency), many of the techno-economic analyses conducted to date find
that net electricity pricing on the order of ~$0.01-$0.02/kWh at scale is generally necessary to
begin to approach parity with current incumbent fossil jet (Grim et al. 2022).

SkyNRG’s annual SAF Market Outlook evaluates technology maturation. The 2025 study states
that HEFA-based production will reach its upper limits based on feedstock availability around
2030 and that 82% of announced capacity are HEFA plants. Announced SAF capacity through
2030 is 6 billion gallons; however, delays and project cancellation have been common due to
economic conditions and policy uncertainty (SkyNRG 2025).

Figure 23 shows SkyNRG SAF plant capacity projections through 2050. The methodology of
capacity through 2035 included an assessment of 390 SAF plant announcements (as of April
2025), where plants were excluded if they were determined to have a low probability of
achieving production.* Capacity was adjusted where market intelligence did not match public
information and if total biofuel capacity was reported—SAF yield based on licensed technology
was used (SkyNRG 2025). The 2035 projection assumes increased coprocessing at petroleum
refineries contributing 700 million gallons and conversion of renewable diesel capacity
contributing an additional 1.3 billion gallons (SkyNRG 2025). The 2050 capacity projection was
modeled based on feedstock and policy assumptions. Figure 24 shows the 2030 breakout of
capacity projections by region (SkyNRG 2025). RMI published global SAF capacity for 2030 for
realistic and optimistic scenarios of 6.49 and 8.15 billion gallons, respectively—although the
methodology was not provided (RMI 2024).

3 The base case assumes 2030 biomass availability of 858 million tons, and the 2040 expanded case assumes 1.279
billion tons of biomass. The base case and expanded case also assume 8 and 9 billion gallons of diesel production,
respectively, as the output would not be entirely SAF.

4 Pilot-stage plants, plants without public updates in 2 years, and those with high risks and uncertainty were
removed.
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Figure 24. SkyNRG 2030 projected SAF capacity by region.
Source: SkyNRG (2025)

2.2 Sustainable/Synthetic Aviation Fuel Market Analysis

There are multiple market factors that influence fuel adoption, including price (relative to
conventional fuel), availability, compatibility, emissions, and policy factors. SAF is the sole
alternative fuel currently used commercially, and key barriers to adoption include availability
and price. SAF prices are currently stated as 2 to 5 times higher than conventional jet fuel prices
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(World Economic Forum 2024); therefore, policy has been a key factor in enabling SAF (Section
2.2.2). The low availability of SAF reflects the higher costs of production, competition for
feedstock with renewable diesel and other products, and long lead times to develop and build
biorefineries. The availability of capital and federal loan guarantees to build and demonstrate
first-of-a-kind aviation “fuel” plants will impact markets and the timeliness of deploying new
fuels to the aviation market.

2.2.1 SAF Production, Consumption, and Commercial Plants

SAF has been commercially available since 2016, with substantial new production capacity
coming online in late 2024 and early 2025 (Table 4 and Table 5). Nearly all existing SAF plants
utilize the HEFA pathway for production. As of 2025, there are six domestic commercial plants
and one international producer, Neste, supplying the U.S. market. Three of the plants are
conversions of petroleum refineries—World Energy, Montana Renewables, and Phillips 66—
while Diamond Green Diesel, LanzalJet, and New Rise Renewables are new plants. Neste has
exported to the U.S. market since 2020 (Neste 2020). ICAO provides a list of global SAF plants
in development stages, self-reported with specific requirements (ICAO 2025b).> The
international plants are owned and operated by various petroleum companies and were either
conversions of existing refineries or modifications to enable coprocessing SAF alongside
petroleum products (Table 5).

Table 4. U.S. Commercial SAF Plants

Plant Location Pathway Feedstocks (%aa':f;ig day) steaarrt
Diamond Green Diesel 2  Port Arthur, Texas HEFA Fats, oils, greases 15,000 2024
LanzaJet b Soperton, Georgia ATJ Ethanol 652 2025
Montana Renewables ¢  Great Falls, Montana HEFA Fats, oils, greases 2,500 2023
New Rise Renewables 2 Reno, Nevada HEFA Fats, oils, greases 3,000 2025
Phillips 66 2 Rodeo, California HEFA Fats, oils, greases 10,000 2024
World Energy 9 Paramount, California HEFA Fats, oils, greases 2,325 2016

aEIA (2025c); ® Epstein (2025); ¢ Krueger (2024); World Energy communicated capacity by email on April 30, 2025.;
¢ldle as of April 2025 (Travel And Tour World 2025).

5 International Civil Aviation Organization. “Information on SAF Production Facilities.”
https://docs.google.com/forms/d/e/1FAIpQLSegl7L-17YG1CtOFpbNJgspgm1Y_ HJwb98QxusviDT Gmb--

g/viewform.
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Table 5. International Commercial SAF Plants.

Note: International plants generally provide capacity in tonnes/year; these figures were converted to barrels/day for
comparison with domestic plants.

Capacit Capacit
Plant 2 Location Pathway pactly pactty Start
tonneslyear barrels/day Year

SAF-Specific Capacity

Pertamia © Cilacap, Indonesia HEFA 240,000 287 2025
Phillips 66 2 Immingham, U.K. Coprocess 40,000 855 2022
Porvoo, Finland HEFA 2016
Neste © Rotterdam, Netherlands HEFA 2,200,000 47,014 5005
(combined)  (combined)
Singapore HEFA 2023
La Mede, France HEFA 15,000 321 2019
TotalEnergies ¢
Normandy, France Coprocess 16,000 342 2021
Total Capacity (SAF-Specific Capacity Not Reported)
e Taranto, Italy Coprocess 500,000 10,685 2021
Sicily, Italy HEFA 400,000 8,548 2025
Parkland f Burnaby, Canada Coprocess 55,000 2025
Bilbao, Spain Coprocess 220,000 2001
Repsol ¢
Ciudad Real, Spain HEFA 250,000 5,342 2024
St1 Oy h Goteborg, Sweeden HEFA 200,000 4,274 2024

a|CAO (2025b); b Reuters (2025); °Neste (2025);  TotalEnergies (2025); © ENI (n.d.); fParkland (2024); 9 Respol
(n.d.); "St1 (n.d.)

Figure 25 illustrates recent growth in U.S. SAF consumption. Domestic production and
consumption were the same until 2020, when imported SAF entered the market. Domestic SAF
production increased significantly in the past year from 39 million gallons in 2024 to 281 million
gallons in 2025 (EPA 2025a). Despite these gains along with imports, domestic SAF
consumption represents about 1% of domestic jet fuel consumption (EIA 2025d). There is
considerable variability in the monthly availability of SAF, impacted by imports and economic
conditions that may influence outputs from plants (Figure 26). Imports from Neste supplied 65%
of U.S. SAF in 2024 but dropped to about 14% in 2025 (EPA 2025a). The decline in imports was
anticipated due to changes in federal policy where foreign producers did not receive a production
incentive, combined with a mandated SAF market that began in the European Union in 2025.
Figure 27 shows that global production has doubled in each of the past 4 years. U.S.
consumption represented nearly 34% and 43% of total global SAF consumption in 2024 and
2025 respectively (EPA 2025a; IATA 2024b).
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Figure 25. U.S. annual SAF consumption.
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Figure 26. U.S. monthly SAF consumption, 2024-2025.
Source: EPA (2025a)
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2.2.2 SAF Market Factors

The availability of biomass-based SAF is a function of the availability of biomass to produce
SAF, which competes with use for bioenergy and other projects. Forecasts for SAF produced
from biomass and electrons are provided in Section 2.1.4.

Various domestic and international policies have been key drivers in determining the production
of SAF relative to other fuels, as well as impacting where the fuel is used geographically. The
most notable global policy is the European Union’s ReFuelEU SAF requirement of 2% in 2025,
growing to 6% by 2030 and 70% by 2050 (European Union Aviation Safety Agency 2025).° The
U.K. SAF mandate is 2% in 2025, growing to 10% in 2030 and 22% by 2040 (U.K. Department
for Transport 2024). The United Kingdom limits HEFA contribution in forward years to enable
advanced pathways. There are also numerous aviation goals and targets that include accelerated
deployment of SAF production.

The Renewable Fuel Standard is a primary market driver for domestic biofuels, and there are
categories with requirements set by the EPA annually. The Renewable Fuel Standard assigns
obligated parties (e.g., fuel refiners and importers) a renewable volume obligation each company
is required to blend based on a percentage of the company’s total fuel sales. The Renewable Fuel
Standard allows for fuel flexibility to meet the requirements—for example, SAF, biodiesel, and
renewable diesel all meet the advanced biofuel category meaning similar compliance values
though different production costs. EPA manages and tracks the Renewable Fuel Standard
through Renewable Identification Numbers, where various biofuels are assigned values based on
energy density relative to ethanol. Renewable Identification Number values can impact biofuel
economics. As an example, both domestic and imported SAF have a value of 1.6, whereas most

¢ Norway has opted in to the ReFuelEU mandate beginning in 2027.
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renewable diesel production has a value of 1.7. HEFA plants generally produce both fuels, and
producers may make production volume decisions based on Renewable Identification Number
values, which may lead producers to favor renewable diesel over SAF in production.

The 2022 Inflation Reduction Act created the 45Z credit to encourage domestic biofuels
production. The 2025 credit available to American-controlled biofuels producers was $1.75/gal
for SAF and $1.00/gal for other biofuels meeting various criteria. The 45Z credit was amended
in the 2025 One Big Beautiful Bill Act, providing clarification on allowable feedstocks from the
United States, Canada, and Mexico, and the credit is $1.00/gal for all biofuels meeting criteria
for biofuels produced between Jan. 1, 2026, and Dec. 31, 2029. Prior to 2025, imported SAF
received a tax credit; however, imported fuel no longer qualifies.

In addition to federal policy, states have introduced various mechanisms to enable SAF markets.
SAF qualifies for tradeable credit values in states with Low Carbon Fuel Standards, including
California, New Mexico, Oregon, and Washington. Several other states provide SAF-specific
incentives:

e Illinois: $1.50/gal for SAF purchased or used in the state by airline common carriers
effective through Dec. 31, 2032 (Illinois Department of Revenue 2023).

e Minnesota: $1.50/gal for SAF produced or blended in the state and used for flights
departing Minnesota effective through July 1, 2030. There is also a sales exemption for
SAF facility construction materials through July 1, 2034 (Minnesota Department of
Revenue 2025).

e Nebraska: $0.75/gal (up to an additional $0.50/gal for emissions reductions exceeding
50%) effective through Jan. 1, 2035 (Nebraska Farm Bureau 2024).

e Washington: The following incentive is triggered if in-state SAF production reaches 20
million gallons/year and is effective for 10 years (Port of Seattle 2023): $1.00/gal (up to
$2.00/gal for emissions reductions exceeding 50%) for SAF produced or blended in-state
for flights departing Washington.

A non-policy financial mechanism enabling the SAF market is book-and-claim, which decouples
the physical location of where SAF is used from its environmental value. The Massachusetts
Institute of Technology’s Center for Transportation & Logistics in partnership with the Smart
Freight Centre developed guidelines to enable book-and-claim (Massachusetts Institute of
Technology 2021). The “book” refers to SAF producers’ generation of certificates (also referred
to as credits) documenting a volume of SAF that was produced and consumed. The “claim”
refers to the purchasers of certificates, such as airlines or corporations, who claim the emissions
reductions.

2.2.3 SAF Pricing and Production Costs

SAF pricing data availability is limited due to few producers and low volumes across only a
select number of pathways. More robust pricing data are expected in future years when there are
more producers and higher volumes. Typically, most current reports and studies state that SAF
costs between 2 and 5 times more than conventional jet fuel (World Economic Forum 2024;
U.K. Department for Transport 2024; Royal Aeronautical Society 2025). S&P Global collects
and sells SAF pricing data. They published European SAF HEFA prices for January 2024
through September 2025 (Figure 28; Gerrish et al. 2025). Prices fell due to more production
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coming online coupled with lower demand, which impacts SAF producer margins and leads to
hesitation for investment in new plants (Gerrish et al. 2025). This is interesting because much of
the literature cites low volumes and concerns about meeting SAF production targets. SAF prices
rebounded later in 2025, likely due to the European Union’s ReFuelEU mandate which passed in
September 2023 and was implemented in 2025 (Perkins 2023). The European Union reported a
2024 market price of HEFA-based SAF of $6.83/gal (European Union Aviation Safety Agency
2024). For a single date of data in the United States (Nov. 17, 2025), spot prices from airports
and fixed-base operators reported SAF prices of $7.88-$11.53/gal (GlobalAir 2025).

10.00
9.00
8.00

7.00

$ per gallon

6.00

5.00

4.00

R A e E

N T S N N N N

0/3/24
11/3/24
12/3/24

3
3
3
3
3
3
3
3
3

-—

Figure 28. S&P Global Western European SAF HEFA prices.
Source: Gerrish et al. (2025)

IATA developed a SAF procurement document to provide strategies for SAF pricing (IATA
2024c). Both conventional jet fuel and SAF prices are based on production costs plus additional
costs such as distribution, certification, marketing, and margins. Figure 29 includes IATA’s
minimum selling price for various SAFs, which includes $3.03/gal added to cover additional
costs based on European HEFA SAF (IATA 2024c). IATA defines the minimum selling price as
“price at which fuel suppliers will sell SAF to airlines without losing money and allowing them
to cover costs of capital” (IATA 2024c). Minimum fuel selling prices are based on covering the
following costs: capital, fixed and variable operating, feedstock, and fuel sales tax. Current and
future prices paid for SAF are expected to be higher than the minimum fuel selling price plus
additional costs shown in Figure 29 (IATA 2024c). IATA HEFA modeled prices increase
slightly due to feedstock competition whereas other pathway prices are expected to decline with
scaling (IATA 2024c).

The U.K. Department for Transport developed SAF production cost assumptions as part of their
evaluation of SAF mandate impacts (U.K. Department for Transport 2023). The methodology to
develop the costs was based on “bottom-up techno-economic modelling,” including capital and
operating expenses for each pathway and feedstock combination. The modeling included low,
mid, and high price scenarios, and prices declined for all pathway and feedstock combinations
between 2035 and 2050. Additional methodology inputs are available in the referenced report
(U.K. Department for Transport 2023). The department states that by 2040, they expect the
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premium for SAF to be 1.2 to 2.8 times the cost of conventional jet fuel (U.K. Department for
Transport 2023).

Figure 29 shows modeled SAF prices from both IATA and United Kingdom (high scenario). The
IATA price data is in 5-year increments between 2025 and 2045, and the United Kingdom price
data is for specific pathways and feedstocks for 2035 and 2050 (IATA 2024c, U.K. Department
for Transport 2023). Details on development of these prices are available in IATA’s Finance:
Net Zero CO2 Emissions Roadmap and United Kingdom’s Sustainable Aviation Fuels Mandate:
Consultation-Stage Cost Benefit Analysis (IATA 2024c¢; U.K. Department for Transport 2023).
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Figure 29. IATA SAF minimum selling price and U.K. SAF production costs.
Source: IATA (2024c), U.K. Department of Transport (2023) (high scenario)

Among the SAF pathways, PtL SAF shows the most volatility in pricing because of escalating
costs due to the uncertainty around energy pricing and availability. Shown in Table 6, near-term
estimates for 2030 PtL SAF costs range widely: from as low as $8.80/gal to more than $18/gal.
This high variance in production cost rises from the assumptions applied for the cost of CO> and
electricity. Specifically, the cost to capture CO> is often modeled as low as about $30/tonne for
high-purity sources to $800—$1,000/tonne in the case of direct air capture. Similarly for
electricity, prices can also range significantly from $20 to >$100/MWh depending on source and
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region considered. Consequently, we see these uncertainties in assumptions manifest in wildly
different PtL SAF pricing. As these input cost assumptions are significantly lowered by
midcentury, we see estimated PtL SAF costs ranging from $4.00 to $6.58/gal, depending on
reporting agency (Table 6).

Table 6. Projected PtL SAF Prices ($/gal).
Sources: Zhou et al. (2022), ICAO (2022), IATA (2024c)

Agency 2030 PtL Price Estimate 2050 PtL Price Estimate
International Council on Clean Transportation $8.80 $4.00
International Civil Aviation Organization $7.78 $5.55
International Air Transport Association $18.70 $6.58

Capital costs necessary to build plants will vary widely based on pathways, available feedstock,
scale, and whether the plant is demonstrating emerging technology. A study evaluating the build-
out of SAF plants necessary to meet demand determined that it would require 5,000 to 7,000
facilities with capacity of about 32 million gallons per facility, and a capital cost of $12/gal (ICF
2021). The capital investment is lower for converting petroleum refineries or renewable diesel
facilities to produce SAF; various press releases and news articles point toward potential costs:

e Phillips66 converted their Rodeo, California, facility to process 50,000 barrels/day of
biomass into 800 million gallons per year of SAF, renewable diesel, and other products.
It was projected to cost $850 million in 2022 but ultimately cost $1.25 billion (Phillips66
2022; Perkins 2024). This suggests a capital investment of $1.56/gal.

e Diamond Green Diesel plant in Port Arthur, Texas, converted 50% of their renewable
diesel capacity to SAF—235 million gallons per year (Valero 2024). The cost of this
expansion was expected to cost $315 million, suggesting a preconstruction investment of
$1.34/gal (Valero 2023).

e New Rise in Reno, Nevada, reported a $350 million investment for the purpose-built
plant with a capacity of 38 million gallons per year combined (SAF and renewable
diesel), suggesting an investment of $9.21/gal (XCF Global 2025a, 2025b).

e Lanzalet reported a $300 million investment for the first commercial ATJ plant with a
capacity of 10 million gallons, suggesting an investment of $30/gal (Epstein 2025).

2.3 Sustainable/Synthetic Aviation Fuel Infrastructure and Operations

Both biomass-based and PtL SAF are drop-in fuels that meet ASTM D1655 after they are
blended with Jet A. Jet A, SAF/Jet A blends, and potential future 100% SAF fuels are subjected
to the same handling and use requirements as dictated by state and federal codes.

As stated in Section 2.1.3, blending SAF and Jet A occurs upstream of airports at terminals.
Therefore, handling SAF/Jet A blends is a business-as-usual scenario at airports, where the same
pipelines and trucks that deliver Jet A to airports are used to deliver SAF/Jet A blends. The flow
rates for the pipeline from the terminal to the airports and from either the fuel hydrant system or
refueling trucks to the aircraft wing are the same for both Jet A and Jet A/SAF blends. Any
future 100% SAF fuels would be handled the same way and experience the same flow rates as
Jet A.
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In the future, drop-in fuels with 100% SAF composition could be delivered to airports in the
same pipelines and trucks that deliver Jet A today due to strict fuel quality properties adopted in
ASTM D7566 and the assumption that it would be incorporated into ASTM D1655. The
emergency procedures for fuel leaks and dumping fuel are the same for Jet A and SAF/Jet A
blends. No changes to emergency operations and procedures are anticipated for a future 100%
SAF fuel adhering to strict fuel quality properties.
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3 Alternative Liquid Hydrocarbon Chemistries

Jet X is a term used to refer to various alternative liquid hydrocarbon chemistries. Jet X can be
defined as non-drop-in liquid hydrocarbon synthetic aviation turbine fuels. “Non-drop-in” is
defined as fuels that do not meet ASTM D1655 or ASTM D7566. The motivation for
investigating Jet X fuels is due to potential properties that could increase fuel economy, improve
local air quality around airports, and reduce contrail formation. These fuels are in the early stages
of research and could include high iso-alkanes/cycloalkanes, and fuels would have no or low
aromatics.

ASTM has a non-drop-in jet fuel group to explore alternative chemistries. Currently, there is no
ASTM standard for non-drop-in synthetic aviation fuels. There are substantial barriers to non-
drop-in liquid aviation fuels that are not compatible with existing aircraft and fuel infrastructure.
Extensive, long-term research on materials, aircraft, and infrastructure equipment would be
needed to demonstrate compatibility and enable market acceptance. Another critical safety aspect
is segregating Jet A/SAF at an airport from an alternate liquid aviation fuel to avoid
contamination. Other barriers include potential resistance to microbial contamination, electrical
capacitance differences, and impacts on fuel level readings (Dasgupta et al. 2023). While flow
rates would likely be the same as Jet A, emergency procedures could vary based on the
properties of these fuels. Handling and use guides would need to be developed to ensure safe
practices.

Some of the Jet X-type fuels under consideration would not have aromatics. Aromatics lead to
soot formation, which contributes to contrail formation. There are challenges for fuels without
aromatics due to impacts on elastomer seals such as O-rings in engines. Using replacement
aromatics could mitigate materials impacts. Potential pathways to produce biogenic aromatics
include upgrading biofuels via catalytic fast pyrolysis or Diels-Alder cycloaddition reactions
(Weglin and Meier 2024). The Federal Aviation Administration’s Center for Excellence for
Alternative Jet Fuels and Environment Project 66 is evaluating if fuels with high thermal stability
could improve fuel burn in engines and performance (Federal Aviation Administration 2025).

The Transportation Research Board proposed a project, which has not been conducted, to
evaluate barriers to integrating Jet X into airport infrastructure and develop a guidebook for
airports to assist with future fuel infrastructure (Murphy 2024). This project would also perform
a case study to assess economic and environmental impacts of integrating Jet X into airport tank
farms. Another proposed activity is developing a roadmap with a timeline for commercialization,
solutions to address infrastructure challenges, and actions stakeholders need to take to enable Jet
X.

As Jet X fuels are non-drop-in liquid hydrocarbon synthetic fuels under investigation, little is
known about their future properties and the associated impacts on infrastructure. The information
on Jet X is limited due to its early stage of development. Other sections of this report will have
minimal information on Jet X as fuel properties are unknown and there are not projections on
production or prices.
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4 Cryogenic Fuels: LH2, LNG, LE

This section covers production technologies, effective deployment (including methods of moving
these fuels in both gaseous and cryogenic forms), storage, airport-specific considerations,
delivery to aircraft, and aircraft technologies for three cryogenic fuels—liquid hydrogen (LH>),
liquified natural gas (LNG), and liquified ethane (LE). We also discuss cryogenic fuel markets—
particularly future projections of production and/or demand and fuel prices—and infrastructure
operations at airports using LH>, LNG, and LE on board aircraft.

Cryogenic fuel is an energy source that must be stored, transported, and handled at extremely
low temperatures—typically below —150°C—to remain in a liquid phase at or near atmospheric
pressure. Liquefaction is required to generate a cryogenic fuel because the fuel would otherwise
exist in gaseous form with lower volumetric energy density. Even though LE has a boiling point
above —150°C, we include it as a cryogenic fuel in this report because it still requires
liquefaction and insulated storage tanks similar to LNG and LHo>.

Generally, there is more information available for hydrogen due to extensive research for its use
as a transportation fuel in both on-road and off-road applications, including aviation. LNG is
primarily used for exporting natural gas, with limited use as an on-road fuel for heavy-duty
trucking and a small but growing market as a marine fuel. Ethane is primarily used for ethylene
production, with limited research for use in transportation applications.

4.1 Cryogenic Fuel Production Technologies and General
Distribution Methods

This subsection covers the production of LH>, LNG, and LE, as well as general transportation
approaches. This includes information on the production of gaseous forms of hydrogen, natural
gas, and ethane—the precursors to these cryogenic fuels.

4.1.1 Hydrogen Production Technologies

This subsection covers the major commercial and developing gaseous hydrogen production
technologies. These technologies are shown in the leftmost column of Figure 30. Figure 30
which shows the full LH; supply chain pathways and technologies discussed in this report (from
production, to liquefaction, to delivery, to storage, to end-use). Production technologies are split
into fossil-based, electricity-based, and emerging technologies. Note that a comparative
summary of each of these production technologies is available in Table 7.
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In the United States, about 10 MMT of hydrogen is produced per year, with most being
consumed for petroleum refining, ammonia production, and other chemical production (DOE
2023a). In comparison, global hydrogen production is estimated around 100 MMT/yr in 2023,
with China as the largest producer and with the same industrial consumption markets as the
United States (IEA 2024a). In net-zero scenarios, potential hydrogen production and
consumption could reach more than 400 MMT/yr globally for all end uses (IEA 2023). More
conservative estimates from IEA estimate global production and consumption around 150
MMT/yr by 2050 (IEA 2024b).

Of the hydrogen produced in the United States at present, roughly 95% is from a mature
production process called natural gas reforming (DOE n.d.-d). Hydrogen produced through this
process is colloquially referred to as gray hydrogen. Notably, steam methane reforming (SMR) is
the most common form of natural gas reforming seen in the United States. At a global scale,
natural gas reforming remains the most prominent hydrogen production technology, accounting
for roughly 60% of global hydrogen production. China also produces a significant amount of
hydrogen through coal gasification (brown hydrogen), a process that accounts for about 20% of
global production (IEA 2024a). Conventional fossil-based hydrogen production facilities (such
reformers and gasifiers) typically operate near capacity, with shut-off only for scheduled
maintenance. This is primarily due to the high temperature of production processes, which take
time to reach operating conditions from a cold start.

Figure 31 details the process flow diagram for an SMR facility. The primary hydrogen
production steps occur within the reformer and water-gas shift (WGS) reactors. The pressure
swing adsorption unit follows to separate out pure hydrogen from the remaining gas stream.
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Figure 31. SMR (without CCS) process flow diagram, including a cogeneration unit for electricity
production and optimal locations to place CO: capture equipment.

Source: Derived from Antonini et al. (2020)

SMR with carbon capture and storage (SMR-CCS) and auto-thermal reforming with carbon
capture and storage (ATR-CCS) are two other notable fossil-based hydrogen production
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pathways gaining traction due to the low-pollution nature of the production process. Hydrogen
produced via these two pathways is commonly called blue hydrogen. ATR is very similar to
SMR in that both are natural gas reforming processes. The primary difference is that auto-
thermal reformers are fed pure oxygen to provide heat for reaction (Figure 32), while steam
methane reformers are heated externally, usually through natural gas combustion (Figure 31). It
is expected that newly built ATR-CCS installations will outpace new SMR-CCS facilities due to
the ease at which CO> can be captured from the ATR hydrogen production process. SMR-CCS
facilities that are in operation today are typically not new facilities but are established SMR
facilities that have been retrofitted with carbon capture technology to reduce process pollution
(DOE n.d.-e). At an existing SMR plant, CO» capture equipment can be installed either at the
flue gas stack or after the water-gas shift reactor. In the latter option, only process CO: can be
captured (about 60% of total CO.), but the COx is at a higher pressure, making it easier and
lower cost to capture compared to capture at the flue gas stack (Antonini et al. 2020; Salais 2021;
Bracci et al. 2022). For ATR facilities, all of the CO; is generated after the water-gas shift
reactor and is at high pressure, making it a suitable location for capture equipment installation.
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Figure 32. ATR (without CCS) process flow diagram, including a cogeneration unit for electricity
production and optimal locations to place CO: capture equipment.

Source: Derived from Antonini et al. (2020)

Coal gasification and natural gas reforming are considered highly mature fossil-based production
processes that have a high level of deployment around the world. CCS technology is less mature,
with only 50 CCS facilities operating around the world, capturing 51 MMT/yr of CO; as of 2024
(Global CCS Institute 2024). CCS cost reductions through technology learning would be
expected as the number of low-pollution fossil-based hydrogen production facilities and other
CCS-equipped facilities grow over time.

Commercially available electricity-based hydrogen production technologies include PEM,
alkaline, and solid oxide electrolyzers. Each type of electrolyzer operates on electricity, which is
used to split water fed to the electrolyzer into hydrogen and oxygen (H2O + electricity = H» +
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202). Hydrogen produced via electrolysis using renewable electricity (e.g., from solar panels or
wind turbines) is commonly referred to as green hydrogen.

Of the electrolyzer technologies, alkaline is the most mature, operating since the early 1900s in
response to growing hydrogen demand for ammonia production. It was not until the 1980s when
low-cost hydrogen from SMR began to outpace alkaline electrolyzer hydrogen production
(Krishnan et al. 2020). Traditional alkaline electrolyzers typically operated at a constant output
with limited ramping capabilities, but more recent alkaline electrolyzer technology may have the
ability to operate directly using electricity generated from intermittent renewables (Cockerill
2020; Ehlers et al. 2023). If so, this would be a cheaper alternative to PEM electrolyzers, which
are notable for their ability to ramp with renewable electricity generated from wind and solar
such that the hydrogen production is renewable. The higher cost for PEM electrolyzers compared
to alkaline can be attributed to the lower maturity of the technology and expensive rare materials,
such as iridium, that are used in the electrode catalyst (DOE 2023b; Badgett et al. 2024).

Unlike PEM and alkaline electrolyzers, which both operate at low temperature, solid oxide
electrolyzers require heat as an input, allowing this type of electrolyzer to achieve higher
electrical conversion efficiency. Therefore, solid oxide electrolyzers are most suitable at facilities
that already generate excess heat, such as a nuclear power plant. Instead of being lost to the
environment, heat is diverted to the electrolyzer to boost process efficiency. Solid oxide
electrolyzers are the least mature of the three electrolyzer types described, but there have been
several demonstration projects using this electrolyzer type, and several more projects are planned
before 2030. Bloom Energy is one of the primary manufacturers of solid oxide electrolyzers as of
2025 (IEA 2025).

Estimates of hydrogen losses from conventional gaseous hydrogen production vary but are
usually around 1%—4% or less, with electrolysis pathways noted as having higher losses than
fossil-based pathways (Esquivel-Elizondo et al. 2023). Hydrogen losses at this step can be
minimized by recombining vented or purged hydrogen to form water.

Additional hydrogen production methods include biomass gasification, methane pyrolysis,
anion-exchange membrane electrolysis, and geologic hydrogen. None of these production
techniques are deployed at large scale as of 2025, but there is reason to believe this could change
in the future.

As noted, gasification is a mature technology that is a major hydrogen production method in
China, where coal is the feedstock. However, gasification using biomass is less common, largely
due to the high cost of the biomass feedstock, additional processing steps, and equipment needed
to acquire high-purity hydrogen output (Lewis et al. 2022; DOE n.d.-g). A key reason to believe
biomass gasification installations could accelerate in the future is the renewable nature of the
production process. If CCS infrastructure is connected to biomass gasification plants, the
production process can even be a net sink for CO; on a life cycle basis (Puig-Samper et al. 2024;
Lundgren et al. 2025). In the absence of policy support, improvements in the biomass collection
and processing steps—as well as biomass gasification technology advancements—would be
needed to make this production process more cost-competitive with alternatives.
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Another promising hydrogen production pathway is methane pyrolysis. In this production
pathway, methane (CHa) is directly converted into hydrogen and carbon through high-
temperature decomposition. This reaction occurs in the absence of oxygen such that the
byproduct is carbon instead of CO,. Hence, there are zero direct pollutants from methane
pyrolysis. The carbon black generated during the hydrogen production process may even have
value on the market, as carbon is typically used in making plastics, car tires, and batteries
(Willige 2021). Several startups are looking to develop methane pyrolysis technology including
Monolith Inc. (plasma pyrolysis), Graphitic Energy (formerly C-Zero; catalytic molten media
pyrolysis), and Modern Hydrogen (thermal pyrolysis) (Graphitic Energy n.d.; Modern Hydrogen
n.d.; Monolith n.d.).

Anion-exchange membrane electrolyzers are also being developed by several startups including
Enapter, Evoloh, and Power to Hydrogen (P2H2) (Enapter n.d.; Evoloh n.d.; Power to Hydrogen
n.d.). These electrolyzers are described as a hybrid between alkaline and PEM electrolyzers,
achieving ramping rates similar to PEM electrolyzers to match renewable electricity generation
profiles, but with no critical material requirement, similar to alkaline electrolyzers. Further
enhancements to anion-exchange membrane electrolyzer stability and durability are required
before these electrolyzers can become cost-competitive with more established hydrogen
production methods (Rouwenhorst 2023; Mulk et al. 2024).

Extracting geologic hydrogen (i.e., hydrogen naturally produced in the Earth’s subsurface) has
garnered significant attention in 2024 and 2025 as a high-risk, high-reward hydrogen production
method (Pare 2024; Bettenhausen 2025; Currie 2025). It is high risk because it is unknown
whether hydrogen in the subsurface could be extracted at high enough concentrations and
quantities to be economic over a typical production project lifetime. It is high reward because if
it were to be found in high concentrations with meaningful supply levels, it would be cost-
competitive with conventional fossil-based hydrogen production methods and have fewer air
quality impacts (Blackford 2024; Gelman et al. 2025; Hasiuk and Conley 2025). As of 2023,
roughly 40 companies were in search of economic natural hydrogen deposits ranging from
startups to major oil and gas companies (Meredith 2025; Hasiuk and Conley 2025).

The primary mechanisms scientists believe geologic hydrogen is produced from include
serpentinization and radiolysis (Gaucher 2020; Gelman et al. 2025). Serpentinization occurs
when water is reduced by the oxidation of iron-containing minerals (i.e., oxygen is stripped from
the water molecule, leaving Hz). Hydrogen production via radiolysis occurs when ionizing
radiation from uranium, thorium, and other radioactive elements in the subsurface split water
molecules into hydrogen and oxygen (Gaucher 2020; Hasiuk and Conley 2025). Figure 33,
which is from the U.S. Geological Survey, shows the prospective locations for geologic
hydrogen in the contiguous United States (Gelman et al. 2025). The U.S. Geological Survey
estimates that the most probable global supply of geologic hydrogen is around 5.6 trillion metric
tons. If only 2% of that hydrogen is recoverable in economic quantities, that would still be
enough global hydrogen supply to last hundreds of years (Ellis and Gelman 2024).
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Table 7. Hydrogen Production Technology Summary
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thermochemical
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Water,
electricity

Becoming more
flexible at high
pressure

02

No

Zero

~$3-$8/kg Ha

Thyssenkrupp,
Nel Hydrogen,
others

Commercial

>0.4 (larger
stack volume
than PEM)

electrochemical
700°C-800°C
Water,
electricity,
external heat
source

Thermal
requirements
limit operating
flexibility

O2

No

Zero

~$3-$8/kg H2

Bloom Energy,
others

Pilot scale

>0.4 (more
complex
balance of plant
than PEM)

thermochemical
>700°C

Biomass, water,
oxygen

Operate close
to 100%
capacity

CO2

Yes

About zero
(negative with
CCS)

~$3-$5/kg H2

EQTEC, All
Power Labs,
Sierra Energy,
others

Pilot to early
commercial

>1.8 (more
complex than
coal gasifier)

thermochemical
700°C—1,200°C

Natural gas,
external heating
source

Thermal
requirements
limit operating
flexibility

Cc

Yes, in form of C
instead of CO2

Zero

~$2-$5/kg Hz
depending on
value of carbon
byproduct

Monolith Inc.,
Graphitic
Energy, Modern
Hydrogen,
others

Pilot scale

~0.8 (14-MTPD
plant)

electrochemical
<100°C

Water,
electricity

Flexible
operation

02

No

Zero

~$3-$8/kg Ha

Enapter,
Evoloh, P2H2,
others

Lab to pilot
scale

Between PEM
and alkaline

150°C—400°C
(serpentinization)

No significant
inputs

Flexible operation

Subsurface
liquids and gases

No

~1 or less

~$4-$5/kg H:
initially
~$0.5-$1/kg H2 at
scale

HyTerra, Natural
Hydrogen
Energy, major oil
and gas
companies,
others

Exploration stage

Not well studied
(would not occur
at airport)

a Derived from Lewis et al. (2022); CO: intensity of natural hydrogen produced from subsurface geologic accumulations from Brandt (2023); ® Derived from Lewis et al. (2022) and
DOE (2024); ¢ Derived from NLR’s Hydrogen Analysis (H2A) production models (www.nlIr.gov/hydrogen/h2a-production-models); Monolith Materials Olive Creek | plant from
Mesrobian (2021); ¢ MTPD: metric tons per day.
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4.1.1.1 Cryogenic Hydrogen Production

For each of the hydrogen production processes discussed in Section 4.1.1, the hydrogen output is
in a gaseous state. For aviation applications, LH> is the preferrable fuel state given its higher
energy density compared to gaseous hydrogen (see Figure 4). Therefore, hydrogen output from
production must be liquefied before end use. To liquefy hydrogen, gaseous hydrogen is first
compressed and precooled, typically using liquid nitrogen at about —196°C (77 K). This step is
followed by cryogenic cooling using heat exchangers and a Joule-Thomson expansion, which
drops the temperature of the hydrogen below its boiling point of —253°C (20 K), thus liquefying
the hydrogen (Ziittel 2003; Al Ghafti et al. 2022). Any hydrogen that remains in a cold vapor
phase after the Joule-Thomson expansion is fed back to the precooling step to help further lower
the temperature of the hydrogen (Chart Industries n.d.-a).

As noted in Table 8, electricity input for liquefaction ranges from 8 kWh/kg to 15 kWh/kg,
which is 24% to 45% of the lower heating value of hydrogen (33.3 kWh/kg) (Gardiner 2009; Al
Ghafri et al. 2022). Research indicates energy input for liquefaction could drop below 8 kWh/kg,
with a theoretical limit of about 3 kWh/kg (Gardiner 2009; Al Ghafri et al. 2022; Washington
State University n.d.).

Hydrogen liquefaction is an established commercial technology with considerable technology
deployment during the 1950s and 1960s in the United States to support the NASA space
program. As of May 2024, the United States had 14 plants in operation with a total existing and
planned hydrogen liquefaction capacity of 794 MTPD. Each operating plant has a capacity
between 5 MTPD and 32 MTPD. The largest planned hydrogen liquefaction facility in the
United States has a capacity of 90 MTPD (Wieliczko 2024).

4.1.2 Hydrogen General Distribution Methods

As 0f 2025, almost all hydrogen production is colocated with or located nearby (just beyond the
gate of) demand. This is primarily due to the low (volumetric) energy density of hydrogen,
which has negative impacts on transport costs and logistics. These negative impacts have
hindered investment in delivery infrastructure. The few hydrogen delivery technologies that are
commercially deployed as of 2025 include gaseous trucking, gaseous pipelines, and liquid
hydrogen trucking.

Gaseous and liquid trucking options are largely dedicated to providing hydrogen for small
demand nodes, such as refueling stations and specialty applications, where having a dedicated
production facility would not be economically viable. Of the two trucking options, vacuum-
insulated liquid hydrogen tanker trucking, with approximately 3,800-kg H» carrying capacity per
truck (Argonne National Laboratory n.d.), would be more viable for airport deliveries, especially
in the near term as hydrogen-fueled aircraft reach the market and airport LH, demand is limited.
Compressed gaseous hydrogen trucking to airports, with less than 1,000-kg H» carrying capacity
per truck (DOE n.d.-g), would be impractical in the near term because hydrogen would need to
be liquefied at the airport, losing the economies-of-scale benefit of centralized liquefaction.
Additionally, a liquid hydrogen tanker truck costs around $1-$2 million, and a gaseous tube
trailer truck is roughly $1 million as of 2025 (Argonne National Laboratory n.d.; Munster 2025).

Liquid-hydrogen-carrying trucks typically have storage tanks with a double-wall stainless steel
design where the space between the inner and outer shell is vacuum insulated to minimize heat
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transfer by conduction and convection. To reduce heat transfer via radiation, reflective material
is typically layered in the vacuum space (Wijnans and Cardella, n.d.). Chart Industries and Linde
are two companies that have commercially developed liquid hydrogen tanker truck technology
(Linde 2025; Chart Industries, n.d.-b).

If airport LH> demand exceeds about 10 MTPD, three or more liquid hydrogen tanker truck
deliveries would be needed each day. The logistics of liquid hydrogen truck delivery are more
difficult at this point, especially because a single delivery truck may take up to 4 hours to unload
(from arrival to departure including all necessary safety checks and procedures) with
conventional pressure-based transfers, and space constraints might make it impossible to unload
multiple truckloads at a time (Argonne National Laboratory n.d.). Multiple truck deliveries per
day would also increase traffic congestion to and from the airport. At airport demand levels
greater than 10 MTPD, cryogenic supply options such as on-site production and liquefaction or
pipeline delivery and on-site liquefaction become more economically viable.

As 0f 2025, more than 1,600 miles of gaseous hydrogen pipeline are in operation in the United
States. These pipelines connect large hydrogen supply with industrial demand nodes and are
concentrated in the Gulf Coast of the United States (DOE n.d.-a). For comparison, the natural
gas network in the United States consists of about 3 million miles of transmission, distribution,
and gathering pipelines in total (Figure 34) (EIA 2024b). For LH>-powered aircraft at airports,
gaseous hydrogen pipelines would be a suitable delivery option to explore as LH, demand scales.
A hydrogen pipeline could connect a central production facility or an underground salt cavern
used for gaseous hydrogen storage directly to the airport. However, space constraints at an
airport must be considered with this approach, as a liquefaction plant would be needed at the
pipeline outlet to meet aircraft LH, demands.
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Figure 34. U.S. hydrogen (a) and natural gas (b) pipeline networks.
Source: National Petroleum Council (2024); EIA (2024b)

Challenges of building a new dedicated hydrogen pipeline include high upfront capital costs and
societal pushback (DOE n.d.-a). The National Petroleum Council estimates the average capital
cost (equipment plus installation) for a new hydrogen pipeline in the United States is roughly
$340,000/inch-mile (capital cost divided by pipeline diameter in inches divided by pipeline
length in miles) in 2024 dollars (National Petroleum Council 2024). Alternatives to building a
new pipeline include blending hydrogen into existing natural gas pipelines, and as demand
grows, retrofitting existing natural gas pipelines to operate on pure gaseous hydrogen. In the case
of hydrogen blending, no capital costs would be required for hydrogen transport, but hydrogen
blending limits due to factors such as natural gas pipeline material, operating pressure, and end-
use application would apply. Generally, lower-grade steel pipelines are more tolerant to
hydrogen exposure than high-grade steel and thus have lower risk of hydrogen embrittlement and
hydrogen leakage (Topolski et al. 2022). It is also noteworthy that if pure LH> is the end-product
at an airport, additional equipment for separating hydrogen from natural gas would need to be
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installed at or adjacent to the airport. In 2022, NLR published a report on hydrogen blending into
natural gas pipeline titled Hydrogen Blending into Natural Gas Pipeline Infrastructure: Review
of the State of Technology (Topolski et al. 2022). The report mentions several demonstration
projects of hydrogen blending into natural gas pipelines with blends ranging from a few percent
up to 100%.

In the event that no natural gas pipelines to an airport are directly compatible with pure
hydrogen, natural gas pipelines could be retrofitted, albeit with an associated upfront capital cost.
A pipe-in-pipe approach, where a hydrogen-compatible pipeline is inserted inside of the original
natural gas pipeline, is one retrofit approach. Other retrofitting techniques include admixing
degradation inhibitors, or applying an inner coating to the original pipeline, but these two
pathways require further investigation before commercialization (T¢élessy et al. 2024).

For transporting hydrogen long distances and at high throughput, railways and ocean carriers are
viable. These delivery pathways would make sense in the case hydrogen is sourced from
international suppliers, or from a nonadjacent region of the United States, where lower-cost
hydrogen production can be achieved. LH» transported via rail or ocean carrier is unlikely to be
delivered directly to an airport and would instead be delivered to an unloading terminal or port
before being piped or trucked to the airport.

Liquid-hydrogen-carrying railcars and ocean tankers are still under development. Linde is
designing a liquid hydrogen tank suitable for rail transport expected to be available in 2026. The
tank will have a capacity of 8.7 metric tons of LH» with a holding time up to 30 days (Linde
n.d.). Notably, a single long-haul train could have multiple of these tanks, making a single train
delivery with a magnitude of 10>~10* metric tons plausible. Only one LH> ocean carrier exists as
of 2025, the Suiso Frontier, which completed its first voyage in 2022 from Kobe, Japan, to
Victoria, Australia. The vessel was constructed as part of the Hydrogen Energy Supply Chain
pilot project and can carry roughly 75 metric tons of LH; per trip (Hydrogen Council 2022;
Snyder 2022). As a comparison, a single large ammonia ocean carriers can hold up to 50,000
metric tons (Atchison 2024). Larger LH; carrier vessels are under development, particularly in
South Korea, with the largest future ocean carriers expected to hold up to about 10* metric tons
(Snyder 2022; Ng 2025). Also of note, CB&I has partnered with Shell, GenH2, and the
University of Houston to create a first-of-its-kind liquid hydrogen storage tank (up to about
7,000 metric tons). The tank is designed specifically for international trade applications and uses
a novel non-vacuum design. This concept could provide considerable cost advantage over
conventional vacuum-insulated tanks (GenH2 2025).

For international hydrogen trade via ocean carriers, private industry has focused more on
hydrogen carriers, such as ammonia or methanol, as the transport medium over LH, (BNEF
2024). The reasoning for this is threefold. First, carriers such as ammonia have a higher density
of hydrogen when transported than LH> (107 kg Ha/m? for ammonia versus 71 kg Ha/m? for
LH>), meaning more hydrogen can be transported on a single trip, reducing transport costs.
Second, hydrogen carriers are transported near or at ambient temperature and pressure, thus
requiring less equipment and energy input to keep the commodity from changing phase during
transport. This is compared to liquid hydrogen, which must be maintained below —253°C (20 K)
to avoid boil-off. Third, methanol and ammonia transport by ocean is much more established,
with port infrastructure already in place for sending and/or receiving ammonia in many
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countries. Given the difference in fluid properties between LH> and more commonly traded
commodities (e.g., LNG, anhydrous ammonia, methanol, petroleum), it is unlikely that port
infrastructure in place (e.g., storage, liquefiers, compressors, commodity transfer equipment) will
be fully compatible without major retrofits or replacements (Thyssenkrupp 2025).

Another potential benefit of transporting hydrogen in the form of ammonia or methanol is that
transport infrastructure, such as pipelines, trucks, and railcars, is established and highly
commercialized (Cao et al. 2025). However, a downside to transporting hydrogen in the form of
a carrier, especially if for aircraft operating on liquid hydrogen, is that once the carrier reaches
either the marine port or airport, it must be converted back into pure hydrogen and liquefied. The
cost and space footprint of these additional steps are important for an airport to consider when
selecting a supplier. Other hydrogen carriers besides ammonia and methanol include liquid
organic hydrogen carriers and metal hydrides, but storage and transport of hydrogen via these
methods are still at an R&D scale (DOE n.d.-h).

4.1.3 Liquified Natural Gas Production Technologies

LNG is primarily produced from natural gas extracted from underground reservoirs. Drilling and
hydraulic fracturing (fracking) are typically used to access the natural gas trapped in deep, hard
rock formations like shale. The raw natural gas primarily consists of methane, but can also
contain considerable amounts of ethane, propane, butane, and other heavier hydrocarbons. LNG
can have compositional variability of the methane content, which affects fuel quality (Figure 35,
data in Table A-1). The variability in composition of methane in LNG is primarily due to the
natural gas source and processing technology employed (purification and liquefaction).
Currently, no aviation fuel specification exists for LNG, and the creation of one would require
narrow ranges in specification due to high compositional variabilities of LNG. This would
require careful monitoring at airport fueling infrastructure to assess whether it has met aviation
fuel specifications before use in aircraft, necessitating the need for additional fuel quality
monitoring protocols.

Another potential source of LNG is renewable natural gas (RNG). RNG, also referred to as
biomethane, is upgraded biogas produced by the aerobic digestion of wastes—primarily from
landfills, livestock operations, and wastewater treatment. The intermediary biogas comprises
45% to 65% methane, and the remainder is CO2 with trace amounts of contaminants (hydrogen
sulfide, siloxanes, and volatile organic compounds) (EPA 2024). Biogas is upgraded and purified
to remove moisture, CO», and contaminants. The resulting RNG has methane content of at least
90%, and RNG transported in natural gas pipelines has a methane content between 96% and 98%
(EPA 2024). While uncommon, RNG can be produced from the gasification of biomass
feedstocks. RNG is used as an on-road transportation fuel in compressed natural gas medium-
and heavy-duty vehicles.
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Figure 35. Composition variability of methane in LNG sourced from various countries.
Data from Marcogaz (2024)

At present the United States is operating more than 160 LNG facilities, which include
production, liquefaction, storage, and transport. Liquefaction of raw natural gas requires
pretreatment to remove various impurities that pose danger to the processing equipment and the
operation efficiency of the process. Some of the typical impurities in raw natural gas are water,
dissolved salt, dust, CO», hydrogen sulfide (H>S), heavy hydrocarbons, and mercury. These
impurities will be in a condensed state at cryogenic temperature or can cause corrosion that will
ruin the liquefaction system’s sensitive components. To overcome these issues, the industry
utilizes a variety of standardized pretreatment processes. These are typically dehydration to
eliminate water; acid gas removal for CO; and H,S; and mercury removal to prevent corrosion of
aluminum-containing equipment and heavy hydrocarbon stripping. Also, nitrogen or other inert
gases are stripped out to get certain LNG product grades. Steps involved in the liquefaction
process of natural gas to produce LNG are shown in Figure 36.
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Figure 36. LNG liquefaction process.
Adapted from Cameron LNG (2018)

After precooling the natural gas, it passes through the main cryogenic heat exchanger. There, the
gas is cooled to extremely low temperatures and liquefied, typically between —150°C (123 K)
and —162°C (111 K), with a mixed refrigerant serving as the refrigerant fluid. Before this
process, the mixed refrigerant is precooled and separated under high pressure into vapor and
liquid streams. These are then guided through individual tube circuits within the main cryogenic
heat exchanger, where each goes through additional cooling, condensing, and deep subcooling.
Afterward, the two streams are expanded to a lower pressure, which causes an even further

decrease in temperature.

As the mixed refrigerant is vaporized in the main cryogenic heat exchanger shell side, it absorbs
heat from the process streams and supplies the refrigeration needed for subcooling and
liquefaction of the natural gas. During discharge of the main cryogenic heat exchanger and
storage in the LNG tanks, some of the liquefied gas flashes to vapor to produce flash gas and
boil-off gas. This boil-off gas is used as a fuel to power the gas turbines that power the propane
and mixed refrigerant compression cycles that are part of the total liquefaction process.
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Figure 37. Cross-sectional view of an LNG storage tank
Source: Khan et al. (2020)

The LNG is then kept stored in highly specialized full-containment tanks as shown in Figure 37.
The pressure inside the tanks is maintained above atmospheric pressure to prevent air from
leaking into the tank, which can cause a flammable mixture. A two-layer, full-containment
design includes an inner vessel for the LNG itself that is constructed using a nickel-steel alloy
capable of withstanding the extremely low temperatures of cryogenic storage. The inner vessel is
surrounded by a robust outer tank made of prestressed concrete with a reinforced base and top as
an additional containment barrier against leaks or loss of the product. Heavy insulation
consisting of perlite powder is used between and around the tank layers to keep the LNG at a
stable temperature condition of —160°C (113 K). The storage tanks are usually fitted with a
monitoring and protection system that monitors the internal temperature, pressure, liquid level,
and any signs of leak. These automated systems play an essential role in maintaining safe
operational conditions and minimizing the scope of environmental or operational hazards .

LNG production involves substantial power demands, which are critically relevant when
considering its use in aviation fuel supply chains. Typical baseload LNG liquefaction plants
exhibit a specific energy consumption on the order of 0.25-0.4 kWh per kilogram of LNG (IEA
Greenhouse Gas R&D Programme 2019), with about 0.3 kWh/kg used as a representative value.
Large-capacity liquefiers generally achieve higher efficiency due to economies of scale and more
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advanced mixed refrigerant or cascade cycle designs, while older or small-scale plants often
exhibit higher specific energy consumption approaching 500 kWh/tonne of LNG (Casey 2024).

4.1.4 General Liquified Natural Gas Distribution Methods

LNG delivery technologies require a range of specialized equipment due to their cryogenic
nature. Vessels, terminals, and processes to transport natural gas in its supercooled liquid state—
usually at about —162°C (113 K) from production sites to the end-use markets—demand special
infrastructure. Because the liquefied state occupies 1/600 of the volume of its gaseous phase,
from an economic point of view, LNG is cheaper to transport over long distances by means other
than pipelines. The LNG supply chains are engineered to maintain cryogenic temperatures,
ensuring safety and preserving efficiency from the liquefaction plant right through to the
regasification facility (Figure 38).

LNG Loading

Tesmminal

Figure 38. Overview of LNG supply chain.
Source: Machfudiyanto et al. (2025)

The main elements of LNG supply chains are LNG carriers: purpose-built ships designed to
transport LNG across the oceans. They utilize either membrane-type containment systems or
spherical Moss-type tanks, each with certain advantages as seen in Figure 39. Membrane systems
rely on thin, flexible metal membranes supported by insulation layers; such a design allows for
the maximum cargo-carrying capacity and efficient general hull design. Moss systems utilize
self-supporting aluminum alloy spheres that boast exceptional structural integrity and safety, but
at the expense of somewhat reduced cargo space. Modern LNG carrier vessels also have
propulsion systems such as dual-fuel diesel engines capable of burning the boil-off gas, thereby
increasing the overall efficiency and reducing emissions.
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LNG loading and unloading requires complicated terminal infrastructure and precision
engineering. Export terminals have large-scale liquefaction plants where natural gas is purified,
chilled to cryogenic temperatures, and liquefied before being pumped into storage tanks. Such
tanks are most often of full-containment design, utilizing reinforced concrete with steel inner
shells to store cryogenic liquids safely. On the receiving side, import terminals have
regasification units that heat the LNG back to gaseous form, using either seawater vaporizers,
submerged combustion vaporizers, or the more advanced ambient air systems. The regasified
natural gas is then injected into local pipeline networks for use by industries, utilities, and
households.

In recent years, floating infrastructure has established itself as one of the most versatile and cost-
effective alternatives to traditional shore-based LNG terminals. Floating storage and
regasification units are movable import facilities positioned in the open sea or along coastlines
that take in LNG from carriers, store it, and regasify it for delivery (Figure 40). These systems
shorten transport times and provide countries with non-available port infrastructure access to
LNG imports. Similarly, floating LNG units handle the liquefaction process and transfer directly
at sea. Such facilities reduce dependence on long-distance seabed pipelines and extensive
onshore installations. These floating facilities represent a significant technological step forward,
combining mobility, modularity, and reduced environmental impact.
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Source: Kylimann (2022)

4.1.5 Liquefied Ethane Production Technologies

LE production is a technologically intensive process involving extraction, cooling, liquefaction,
and handling of ethane that is typically used as feedstock for ethylene production and for long-
distance transportation to chemical and energy markets. This section provides a wide overview
of the technologies available, their principles, and operational specifics, including ongoing
research in this field.

Ethane usually occurs with other hydrocarbons within natural gas or in hydrocarbon liquids.
Ethane is often liquified in order to transport it long distances by pipeline, ship, or rail in an
economical manner. The liquified volume is a fraction of its nominal volume and can thus be
transported in much smaller vessels. Unlike methane, it becomes liquid at a much higher
temperature—i.e., —89°C (184 K) at moderate pressures.

Specialized pipeline designs are necessary for long-distance transportation of ethane. The critical
temperature and pressure of ethane are 32.2°C and 4.87 MPa, respectively; therefore, the
transported conditions through the pipeline should be out of the two-phase region of ethane to
avoid unwanted phase changes that may complicate operation and integrity. Such phase-change
constraints need to be rigorously analyzed during the design process, often accomplished by
advanced multiphase flow calculations.

Most LE production uses advanced cooling technologies largely adapted from large-scale LNG
operations. The current state of the art for commercial and industrial ethane liquefaction
comprises the following processes: propane-cooled mixed refrigerant, optimized cascade, and
nitrogen expansion based (Lee and Moon 2017).

Ethane liquefaction requires substantial refrigeration power, which thereby becomes an
important consideration regarding its integration into supply chains of aviation-related fuels. The
typical energy requirements for ethane liquefaction facilities, generally combined with a natural
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gas liquid fractionation plant, vary between 0.3 and 0.5 kWh/kg of LE (Sabbagh, Fanaei, and
Arjomand 2020) depending on the process design, type of refrigerant used, and plant capacity.

4.1.6 General Liquefied Ethane Delivery Methods

LE delivery technology combines advanced cryogenic engineering and special distribution
infrastructure for the safe and efficient transport of ethane from production sources to end users.
Commonly, ethane is separated from natural gas in processing plants and is liquefied by cooling
down to around —90°C (183 K) for bulk transport and storage. This drastically reduces its
volume, thus making it suitable for delivery across dedicated pipelines and transport by ship or
rail when there are no feasible pipeline connections.

Appalachian basin

0 Fractionation and
storage facility
@ Gas processing plants

= Ethane pipeline

= NGLs pipeline
Other NGL gathering
pipelines and
interconnection pipelines

Figure 41. Natural gas liquid pipeline network in the United States.
Source: Nichols (2019)

The United States has dedicated ethane delivery pipelines, primarily serving the major
petrochemical and energy production regions, shown in Figure 41. This sophisticated network
connects ethane production areas, primarily from natural gas processing plants in major shale
regions, to chemical plants, fractionation facilities, storage terminals, and export docks. The use
of ethane pipelines enables efficient, high-volume transport at relatively low cost and
environmental impact compared to alternatives like trucking or rail, which are used where
pipeline connections are not feasible. These pipelines handle large volumes of purified ethane,
transporting it from processing and fractionation plants to chemical plants, storage facilities, or
export terminals for shipment abroad.

Modern ultra-large ethane carriers that are cargo ships with specialized gas vessels represent the
most efficient and technologically sophisticated way of moving such cargo. The design includes
several layers of insulation and a stainless steel primary barrier that prevents leakage with very
minimal heat ingress from the surrounding environment. By minimizing the amount of external
heat into the cargo tanks, these systems significantly reduce the generation of boil-off gas.
Because ethane has a higher boiling point than methane, ultra-large ethane carriers do not require
as much insulation thickness as LNG carriers. This allows the use of lighter and more space-
efficient cargo tanks, increasing storage capacity without sacrificing safety or thermal efficiency.
The consequences are lower overall transportation costs and better energy utilization throughout
the shipping cycle. The ultra-large ethane carriers have a sophisticated boil-off gas management

62

This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications.



system, including subcoolers, high-pressure pumps, and vaporizers, which keeps the ethane in a
fully liquefied state throughout the voyage. All vaporized ethane from the cargo tanks is
collected, reliquefied, and returned into storage to avoid cargo loss. At the same time, part of the
boil-off gas may be fed to the ship’s engines provided they operate on LNG (dual-fuel engines)
through cryogenic pumps and vaporization units, allowing the use of ethane as a clean-burning
marine fuel; similarly, ethane could be leveraged in other vehicles provided the boil-off gas fuel
is the primary power source or optimized for use in the prime mover.

4.2 Cryogenic Fuel Deployment

This section provides a comparison of the three cryogenic fuels (LH2, LNG, and LE) and what is
similar and different for delivery methods, storage, on-site energy demands for liquefaction,
airport-specific considerations, and dispensing to aircraft. Details specific to LH2, LNG, and LE
follow.

As can be noted from Section 4.1, in terms of fuel movement, hydrogen, natural gas, and ethane
fuels typically rely on similar transportation methods. Each of these fuels can be delivered via
liquid trucks when delivery volumes are low and via pipelines at higher throughput. Although, at
typical pipeline pressures, ethane is in a liquid state, while natural gas and hydrogen are gaseous.
For international transoceanic delivery, liquefaction followed by ocean carrier shipping is the
realistic method of transport.

The primary differences among these fuels with respect to transport arise from their different
thermal, chemical, and physical properties, which dictate distinct infrastructure requirements and
operational procedures. For example, because the hydrogen molecule is much smaller than a
methane or ethane molecule (Table 8), more specialized materials must be chosen to transport
hydrogen such that it does not permeate through the material and cause embrittlement. This is the
case for both pipeline materials and cryogenic storage tanks on board trucks and ocean carriers.
When getting into the specifics of cryogenic fuel transport via truck or ocean carrier, we also
find that the temperature at which the fuel is stored impacts infrastructure material selection and
design. LH> is stored at much lower temperatures than LNG or LE which means that insulation
performance must be superior for LH> storage and transport tanks to limit heat ingress. Another
fuel property that causes variation in system design during transport is gas mass density.
Specifically, LE truck or ocean carrier operators must be aware that ethane gas is heavier than
air, unlike hydrogen and natural gas which are lighter than air at ambient conditions; so, if LE
boil-off gas is vented, the system would have to be designed differently than an LNG or LH>
boil-off gas venting system. In addition, in the case of a leakage event, risk mitigation procedures
would be different for a fuel that stays close the ground versus one that rises and disperses.
Because of the low density of hydrogen gas, it would disperse the quickest during a leakage
event. Finally, differences in volumetric energy density are important to note because fuels with
lower volumetric energy density, such as LH», require more shipments (via truck or ship) to
deliver the same amount of energy, impacting supply chain logistics and airport operations.

Similarly to cryogenic storage tanks on board tanker truckers or ocean carriers, stationary storage
tanks for LH>, LNG, and LE also use different tank materials, safety designs, and insulation
approaches based on fuel properties. Additionally, for the same cryogenic fuel, not all fixed and
mobile storage tanks will use the exact same materials and design, as factors such as tank size,
boil-off tolerance, and weight constraints also play a role. One thing that stays the same with
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stationary storage tank designs across each cryogenic fuel type is the desire to minimize the
surface-area-to-volume ratio. The reason to choose a lower ratio is because it reduces heat leak
into the tanks and thus lowers the rate of boil-off. This is why most cryogenic storage tanks, no
matter what fuel, are usually found in cylindrical or spherical shapes. Surface-to-volume ratio
can also be reduced by making tanks larger, but tanks can only be built so large before they
become cost prohibitive or otherwise impractical.

Unlike mobile cryogenic storage tanks, stationary cryogenic tanks require offset distances from
surrounding permanent infrastructure for safety purposes. For LH> and LNG, these offset
distances are defined in National Fire Protection Association (NFPA) NFPA 2 (NFPA 2026a)
and NFPA 59A (NFPA 2026b) codes, respectively. There is not a code that is specific to LE, but
offset distances in NFPA 58 (liquefied petroleum gases) may apply (NFPA 2024a). These codes
require larger offset distances as storage tank volume increases, where exact distances are
determined using careful experimentation and simulation that consider fuel properties such as
flammability and explosivity to minimize safety risks. As mentioned for mobile cryogenic
storage tanks, boil-off venting systems in stationary storage systems will also be designed
differently for LE compared LH> and LNG because of the high mass density of LE gas.

Table 8. Cryogenic Fuel Comparison.

Note that ethane liquefaction also includes electricity input for natural gas liquid fractionation.

Category LH2 LNG LE
Boiling point -253°C (20 K)2 -162°C (111 K)2 -89°C (184 K)®
Gas phase density at  0.08 kg/m? 0.65 kg/m3 1.23 kg/m?
15°C, 1 atm (lighter than air)® (lighter than air)® (heavier than air)®
Kinetic diameter 0.29 nm © 0.38 nm © 0.44 nm ¢
Gravimetric energy 120 MJ/kg © 50 MJ/kg * 47TMJ/kg *

density (lower heating

value basis)

Volumetric energy

density (lower heating

value basis)

Common gaseous
pipeline materials

Common storage
tank materials

Common storage
tank insulation

Space requirements
for stationary storage
with offsets

Liquefaction
refrigeration fluids

Space requirements
for liquefaction

(33.3 kWhikg)

8.5 MJ/L ©

Low-grade carbon steel

Stainless steel

Vacuume-insulated, perlite,
multilayer, glass bubbles

Up to 0.365 m?/kg LH2 at
4,500 kg storage volume f

(11.0 m¥MWh)

LNz (precooling)
Helium

Square with side = 520 ft
at 30 MTPD LH2
(365 GWh/yr LH2)

(13.8 kWh/kg)

~21 MJ/LP

Carbon steel
Nickel steel

Perlite, vacuum-insulated

Up to 0.069 m?/kg LNG
at 4,500-kg storage volume 9

(5 m2/MWh)

Propane (precooling)
Mixed refrigerants

Square with side = 120 ft at
3 MMT/yr LNG
(152 GWh/yr LNG)
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(13.1 kWh/kg)

~29 MJ/LP

Carbon steel

Carbon steel
Foam or perlite, vacuum-
insulated

Up to 0.5 m?kg LE
at 4,500 kg storage volume "

(39.5 m2/MWh)

Similar to LNG, but
lower cooling requirement

Similar to LNG
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Category LH2 LNG LE

Liquefaction energy
input (lower heating
value basis)

8-15 kWh/kg LH2 0.25-0.4 kWh/kg LNG 0.3-0.5 kWh/kg LE
24%-45% fuel energy ! 1.8%—2.9% fuel energy ™ 2.3%-3.8% fuel energy "

a Yaws et al. (2008); b Linstrom (1997); ¢ Guatam et al. (2018); ¢ Mehio et al. (2014); ¢ DOE (n.d.-h); f NFPA (2026a);
9 NFPA (2026b); " NFPA (2024a); | Liquefaction spatial footprint from ANL (n.d.); I Thunder Said Energy (n.d.);
k Liquefaction Energy Input from Gardiner (2009), ' Al Ghafri et al. (2022); ™ IEA GHG (2019); " Sabbagh et al. (2020)

Liquefaction processes for LH>, LNG, and LE are complex with the most notable difference
between the liquefaction processes occurring because of the different temperatures that are
needed for each fuel to reach a liquid state (see Table 8). For example, hydrogen liquefaction
typically requires the use of liquid nitrogen for precooling (—196°C) to bridge most of the
temperature gap. However, natural gas and ethane liquefaction can use liquid propane (—40°C)
for precooling steps to bridge a considerable temperature gap. Hydrogen liquefaction also
requires a catalytic conversion step of ortho-hydrogen (hydrogen with protons that spin in same
direction) to para-hydrogen (hydrogen with protons that spin in opposite directions) and uses a
helium refrigerant which are not required for LNG or LE production. Because of these process
differences, the spatial footprint for liquefaction for each of these fuels will inherently be
different as well. More detail on spatial footprint for each of these cryogenic fuels at a selected
capacity is shown in Table 8. The Hydrogen Delivery Scenario Analysis Model (HDSAM)
estimates hydrogen liquefaction spatial footprint scales according to 0.6 scaling factor which
could theoretically be used to put the spatial footprint of liquefaction for each cryogenic fuel on
equivalent terms (i.e., area taken up per unit of energy in liquefied fuel per day).

In terms of electricity requirement for liquefaction processes, hydrogen liquefaction can require
up to 0.45 kWh electricity per kilowatt-hour of LH> on a lower heating value basis, while LNG
and LE are more on the order of 0.01 kWh to 0.04 kWh electricity per kilowatt-hour of fuel. If a
small-scale hydrogen liquefaction facility of 10 MTPD of LH; (capable of fueling 10 or more
regional LH; turboprop aircraft daily) with 15 kWh/kg LH> electricity input were constructed at
an airport, it would require a power input of 6.25 MW. Similarly sized LNG and LE production
facilities on an energy output basis would require only about 2%—4% of this power input. In
comparison, a typical large hub airport has a grid interconnection capacity around 10 MW to 40
MW (Semchukova et al. 2025; Airport Cooperative Research Program n.d.; Zellers and Bradford
2025). It is also worth mentioning that electrolytic hydrogen production requires about 55
kWh/kg of gaseous H> produced, requiring an average power of 23 MW at 10 MTPD Ho. If an
airport did pursue building its own electrolytic hydrogen production and liquefaction
infrastructure, it would almost certainly need to expand its grid interconnection capacity.

Possible methods to deliver and dispense these cryogenic fuels into aircraft are largely the same
in a general sense. Again, where differences appear are in material selections and infrastructure
design and operations. LH» systems will again be more complex than LNG and LE systems
because of the more extreme temperature state and small size of the LH> molecule. Differences
in thermal, physical, and chemical properties of each of these fuels may also lead to differences
in standard operating procedures once aircraft operating on these cryogenic fuels reach the
market. As an example, it is still not clear if any of these cryogenic fuels could be dispensed into
an aircraft while the aircraft is at a terminal gate with passengers boarding or disembarking, or if
a designated refueling location away from the terminal is necessary. Fuel characteristics are key
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factors for regulators to consider when crafting aircraft dispensing standards that will answer this
type of question. In addition, personnel will need special training for managing cryogenic liquids
to ensure safe tarmac operation.

Through the full supply chain from production to dispensing and storage on board an aircraft, the
leakage pathways and mitigation strategies are also similar for LH>, LNG, and LE. Figure 42
illustrates the most common leakage pathway for hydrogen supply chains, which for the most
part apply to LNG and LE. Permeation and diffusion are the two leakage mechanisms that apply
least to LNG and LE because of the larger size of these molecules. Leakage through equipment,
such as through fittings and values, may also be most prominent with hydrogen because of its
smaller particle size, but this can also occur in natural gas and ethane systems. For each of these
cryogenic fuels, boil-off gas management is paramount to minimizing supply chain losses and
safety risks. If unmanaged, internal pressure can build to dangerous levels and create a
substantial risk of boiling liquid expanding vapor explosion (Abbasi and Abbasi 2007).
Designated storage and distribution facilities must therefore incorporate adequate pressure relief
devices, ventilation systems, and, where appropriate, active vapor management solutions to
safely operate. General strategies to minimize boil-off are consistent between LH, LNG, and LE
and include enhanced refrigeration, insulation, and reliquefication techniques as well boil-off gas
utilization.

4.2.1 Cryogenic Hydrogen Delivery, On-Site-Liquefication, Storage, and
Dispensing

This subsection details the sources of LH> losses through the supply chain from production to

end use and provides insights on strategies and technologies that can be leveraged to minimize

losses and increase efficiency. We also provide more details on cryogenic hydrogen storage and

dispensing technologies.

Figure 42 provides a summary of where hydrogen losses can occur throughout the value chain as
reported by multiple studies (van Ruijven et al. 2011; Arrigoni and Bravo Diaz 2022; Cooper et
al. 2022; Fan et al. 2022; Frazer-Nash Consultancy 2022). Hydrogen losses can be categorized as
intentional or unintentional. Intentional losses are operational, such as purging and venting, and
are typically done for safety and/or pressure management. Unintentional losses are those such as
leakage through equipment or diffusion permeation that occur but are undetected by the operator.
For this subsection we focus specifically on cryogenic supply chain stages, as these stages are
typically reported as having the highest losses without proper handling.
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Figure 42. Reported potential sources of hydrogen losses throughout the value chain.

Source: Adapted from Esquivel-Elizondo et al. (2023)

4.2.1.1 Cryogenic Hydrogen Production: Losses and Mitigation Strategies

As noted in Figure 42, the primary cause of hydrogen losses in the liquefaction step is leakage
through equipment. Cooper et al. (2022) estimate hydrogen losses from liquefaction of 0.15%—
2.21%. An important quantum mechanics phenomenon that occurs during the hydrogen
liquefaction process is the conversion of ortho-hydrogen (hydrogen with protons that spin in
same direction) into para-hydrogen (hydrogen with protons that spin in opposite directions) as
temperature decreases (Al Ghafri et al. 2022). This phenomenon directly correlates to
downstream boil-off losses because the conversion process is exothermic. If the liquefaction
process does not effectively convert ortho-hydrogen to para-hydrogen, the conversion process
will occur while the LH> is in storage, releasing heat and causing hydrogen vaporization. To
mitigate any hydrogen losses due to ortho-to-para hydrogen conversion, plant operators must be
aware of the proper hydrogen residence times within the system for the full conversion process
to occur and should not cut corners to deliver product at a faster rate.

4.2.1.2 Cryogenic Hydrogen Transportation: Losses and Mitigation Strategies

In Section 4.1.2 we mention that the primary method of transporting LH> today is via tanker
trucks, with ocean tankers and railcars as alternative transport methods that are under
development. The transportation step is necessary in the case where liquid hydrogen is not
directly produced at the airport. If liquid hydrogen transport to the airport is required, there are
several possible points in the delivery process where hydrogen losses can occur. These include
losses during tank transfers at the origin and destination and losses en route. During tank
transfers, liquid hydrogen is typically lost to the environment via intentional purges to the
transfer lines, leakage through equipment, and LH> boil-off that is eventually vented. Liquid
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hydrogen losses during the transfer step are reported as high as 10%—-20% per transfer (Esquivel-
Elizondo et al. 2023; GenH2 2024; Clean Energy Group 2025).

As liquid hydrogen is transferred between tanks, there are several strategies and technologies that
operators make use of to minimize boil-off. Standard practice is to use vacuum-insulated transfer
lines that are precooled before transfers. Transfers are typically done using pressure-based or
pumped-based methods. To minimize boil-off further, operators should consider high efficiency
liquid hydrogen pumps over pressure-based tank transfers (Gil-Esmendia et al. 2025). Variable
speed drive pumps have shown to be effective at transferring LH> with low energy dissipation
(Krog and Berstad 2025). Manufacturers of liquid hydrogen pumps include Bosch Rexroth,
Cryostar, Barber Nichols, and others (Bosch Rexroth, n.d.; Cryostar, n.d.; Barber Nichols, n.d.).
Other strategies include using slow fill rates to reduce energy losses as heat, using refrigerated
transfer lines (GenH2 n.d.-a), and/or transferring liquid hydrogen in a subcooled state such that
the hydrogen can take in additional heat without vaporizing (Daimler Truck 2024). Another
option could be to reduce the number of tank transfers all together (e.g., drop-and-swap delivery
method), thus reducing transfer losses.

When LHo> is en route to the destination, the main source of losses is from heat transfer into the
tank causing the hydrogen to vaporize (boil-off). The vaporized hydrogen must eventually be
vented to avoid unsafe pressure buildup in the storage tank. Typical boil-off losses during LH>
trucking are similar to those for stationary LH> storage tanks and are reported between 0.1% per
day and 5% per day (Frazer-Nash Consultancy 2022; Clean Energy Group 2025).

In terms of advancements in liquid hydrogen tanker trucks to minimize boil-off, companies are
exploring advanced insulation materials, active boil-off management systems, and advanced
cryogenic storage states. Options for advanced insulation include using glass bubbles, aerogel
blankets, and other concepts (Wijnans and Cardella, n.d.). The company 3M™ is a major
producer of glass bubbles for insulation which have been shown to be a more effective insulation
material than traditional materials (e.g., perlite) used to fill the annual space in cryogenic tanks
(BM™  n.d.; Wijnans and Cardella, n.d.). Active boil-off management systems work by
recondensing boil-off gas in the storage tank or by keeping the hydrogen from boiling off to
start. NASA has demonstrated this concept in its GODU-LH> system and has integrated it into
LH> storage tanks at Kennedy Space Center (Wijnans and Cardella, n.d.; Fesmire and Swanger
2021). This system uses a helium refrigerant and an internal heat exchanger to reduce boil-off
gas formation. Companies such as GenH2 and Fabrum offer similar technologies with variations
on the refrigeration approach (GenH2, n.d.-b; Fabrum 2024). Magnetic refrigeration is another
promising boil-off mitigation pathway that requires further research and development before
deployment (Wijnans and Cardella, n.d.). Transporting hydrogen in a supercritical cryo-
compressed (40 K — 60 K, ~35 MPa) state or subcooled liquid (<20 K, 1.6 MPa) state are other
methods to reduce boil-off. Hydrogen is more thermodynamically stable at these conditions
compared to a liquid state at 20 K and atmospheric pressure. Cryo-compressed and subcooled
hydrogen storage states are still at a R&D scale and are being considered for both onboard
heavy-duty truck storage and H» delivery applications (Pizzutilo et al. 2024; Lawrence
Livermore National Laboratory 2023).

Another possible solution to eliminate boil-off during transport is to capture the boil-off and
either use it directly on board the truck or store it for later use. This technology has yet to be
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implemented at scale on delivery trucks and would require the use of hydrogen compressors that
operate at cryogenic temperatures or heat exchanges to increase the temperature of the gas before
passing through a compressor (Morales-Ospino et al. 2023). Adding a boil-off capture and
utilization system to LH> delivery trucks would add complexity to the system and require further
investigation before rollout.

Further analysis would be needed to determine under what conditions the solutions to mitigate
LH; losses during tank transfers and during delivery presented in this subsection are
economically viable compared to standard practices.

4.2.1.3 Airport Cryogenic Hydrogen Storage

Once hydrogen arrives to the airport in a cryogenic state, it would be stored in bulk LH> storage
tanks. Conventional LH> storage tanks are typically cylindrical and vacuum insulated, similar to
those used during LH> trucking, to limit the effects of boil-off caused by heat transfer. Linde
offers cylindrical (or bullet-type) stationary LH> tanks up to about 28 metric tons (400 m* with
71 kg LH2/m?) in either a horizontal or vertical position (Linde n.d.). As mentioned in Section
4.2, the larger the tank, the less hydrogen boil-off that occurs because of the reduced surface-
area-to-volume ratio. The shape with the lowest ratio is a sphere, but because of the design and
construction complexity of spherical tanks (Fesmire and Swanger 2021), cylindrical tanks are
more common. As of 2022, the largest spherical LH> storage tank is located at NASA Kennedy
Space Center, holding approximately 336 metric tons of LHa (4,732 m? with 71 kg LHy/m?). It
will be used to fuel rockets in support of future moon and Mars missions (Swanger 2022). For
reference, standard LH; storage tanks of around 4,000 kg typically have a capital cost
(equipment plus installation) of about $100/kg—$200/kg (Houchins and James 2022; Argonne
National Laboratory n.d.). For larger tanks, there are likely to be economies-of-scale benefits.

Similar to LH> delivery, boil-off for LH> storage is on the order of 0.1% per day to 5% per day
(Frazer-Nash Consultancy 2022; Clean Energy Group 2025). The exact rate of boil-off is
dependent on factors such as ortho-to-para hydrogen conversion, storage tank shape (surface-
area-to-volume ratio), and quality of tank insulation. Similar cryogenic fuel handling technology
is studied and implemented in stationary storage tanks as in LH» tanker trucks. However, it is
worth noting that active boil-off management systems for stationary storage are further along
than those for LH> storage on tanker trucks because of the increased complexity and constraints
of mobile storage systems (Fabrum 2024; GenH2 n.d.-b). In addition, boil-off gas capture and
compressor systems could be more easily integrated with stationary storage than mobile LH>
delivery storage, and there is potential to be multiple end-use applications for the boil-off gas
directly at the airport (e.g., power generation, ground support equipment, gaseous-hydrogen-
powered aircraft).

4.2.1.4 Airport Cryogenic Hydrogen Dispensing

For dispensing hydrogen, fixed stations directly next to bulk storage or mobile refueling stations
are nearer-term solutions than hydrant systems. Major industrial gas handling companies are
active in developing mobile refueling stations; however, their primary focus has been on
compressed hydrogen refueling rather than liquid hydrogen (e.g., Plug Power, Air Products, Air
Liquide) (Air Liquide 2023; Plug Power 2024; Air Products n.d.). ZeroAvia, a notable aviation
fuel cell powertrain developer, is one company working on a liquid hydrogen dispensing mobile
refueler. This refueler will be compatible with their ZA2000 aviation powertrain and has been
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awarded grant funding from the California Energy Commission to engineer the product with
minimal hydrogen losses from boil-off (ZeroAvia 2024a). This system is anticipated to dispense
LH; at 40 kg/min and is projected to have an initial capacity of around 709 kg LH, with a goal of
3,000-kg capacity in the future (ZeroAvia 2024a, 2025). Chart Industries and Absolut Hydrogen
are two other companies actively developing LH» dispensing infrastructure for applications
inclusive of hydrogen-powered flight (Chart Industries 2022; ZeroAvia 2023a).

Importantly, companies like ZeroAvia, Chart Industries, and Absolut Hydrogen advancing LH»
dispensing technology (Chart Industries 2022; ZeroAvia 2023a; Miftakhov 2025) have the
ability to gain insights from the existing gaseous hydrogen refueling industry. In California, there
are over 60 light- and heavy-duty vehicle hydrogen refueling stations in place with 50 of these
stations active in 2025 (California Air Resources Board 2025). Typical gaseous hydrogen
dispensing rates at existing stations are around 1 kg/min (Sprik et al. 2017). Over half of the
operating hydrogen refueling stations in California were built by True Zero, with many of these
stations relying on liquid hydrogen delivery (True Zero, n.d.). Even though hydrogen is
dispensed as a gas using a vaporizer, liquid-hydrogen-supplied vehicle refueling stations utilize
much of the same infrastructure and procedures as an LH:> dispensing station would. Namely,
LH; storage, LH, pumps, and LH> transfer lines would be largely unchanged and boil-off
mitigation strategies would be similar. A key challenge of first-of-their kind hydrogen refueling
stations in California was station reliability (California Air Resources Board 2025). It would be
important for LH refueling developers to learn from the mistakes of the first gaseous hydrogen
dispensing developers and focus heavily on reliability in their designs so that no aircraft goes
without fuel due to dispensing equipment malfunction.

Another possible LH» refueling method is using exchangeable tanks that could be easily swapped
between aircraft flights (Airport Compatibility of Alternative Aviation Fuels Task Force,
International Industry Working Group 2025). In this scenario, the modular tanks could be filled
outside of the airport premises such that bulk liquid hydrogen storage does not need to take up
space at the airport. This approach may also save time between flights if the time it takes to swap
out empty tanks from an aircraft is shorter than the time it takes to refuel the aircraft. Universal
Hydrogen was a start-up company seeking to develop modular fuel tanks for aviation, but they
went out of business in 2024 (Gallucci 2024). This approach, like all LH> dispensing methods, is
still in a pre-commercial stage and requires further technological, procedural, and certification
development before reaching viability.

The last step in the dispensing process is the LH» arrival and storage into onboard aircraft
storage. Companies active in designing and testing onboard LH; storage tanks include Air
Liquide and Fabrum. In particular, Air Liquide supplied H2FLY with onboard LH> storage tanks
to run ground tests filling H2FLY’s HY4 hydrogen-electric aircraft with LH> (H2FLY 2023a).
More recently, Fabrum launched its triple-skim composite fuel tank designed for onboard LH»
flight, which will be used by aircraft developers AMSL Aero and Stralis Aircraft. In 2025,
Fabrum’s aviation tanks were successfully filled with liquid hydrogen produced and stored on-
site of an international airport in New Zealand, a key first step in pre-flight testing (Alcock 2025;
Fabrum 2025).

Hydrogen losses during the delivery from airport bulk storage to an aircraft are not well studied,
especially given this type of delivery is still pre-commercial. No matter the delivery system, keys
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to minimizing losses include limiting sloshing and flashing, employing refrigeration systems
where needed, and using well-insulated piping and tubing.

Once the LH; is on board an aircraft, boil-off gas may be directly fed to the fuel cell or
combustion-based propulsion system. However, if the rate of boil-off generation is greater than
the rate of hydrogen demand for propulsion, the excess boil-off would need to be vented unless
more complicated reliquefication or auxiliary gaseous storage systems are integrated into the
aircraft to mitigate or utilize the boil-off gas, respectively (Blakseth et al. 2025). Toyota is a
well-known company addressing this onboard LH> boil-off challenge, specifically in on-road
fuel cell electric vehicles. In a system developed by Toyota and used in an LH»-fueled GR
Corolla concept vehicle, boil-off gas that builds up in the storage tank is fed to a self-pressurizer.
The pressurized gas is sent directly to the vehicle’s engine while the surplus hydrogen from the
self-pressurizer is diverted to a fuel cell to power auxiliary equipment, such as LH> pumps, on
board the vehicle. Any additional boil-off is converted to water vapor using a catalyst and
released to the environment (Toyota 2024). Even though this boil-off management technology is
used for the on-road transport section, there is likely to be some applicability of the technology
in LH>-powered aircraft systems.

4.2.2 Liquified Natural Gas Delivery, Storage, Dispensing, On-Site Liquification

The most significant method of transporting LNG is marine shipping using purpose-built LNG
carriers. These vessels employ double-hulled designs and advanced cryogenic containment
systems such as Moss spherical tanks or membrane-type tanks. More discussion on this is
available in Section 4.1.4. LNG carriers maintain low temperatures through insulation and by
using boil-off gas as fuel for propulsion, with capacities ranging from about 125,000 to more
than 260,000 cubic meters. The operation involves careful loading procedures at liquefaction
terminals, long-distance transport across controlled shipping routes, and unloading at
regasification terminals equipped with specialized cryogenic handling equipment.

Although LNG itself cannot be transported through pipelines due to low temperature and liquid
state, pipelines are vital components of LNG logistics. Before liquefaction, natural gas is
transported via transmission pipeline networks to LNG plants. The liquefied gas (LNG) is
distributed by ship or rail to the receiving terminal followed by regasification for distribution
across smaller pipeline networks. These supply the gas continuously to consumers and
supplement the distribution of the product by LNG shipping over long distances. Pipelines can
be more economical for transport over land and operate with LNG infrastructure to provide a
steady supply.

Airports lacking pipeline infrastructure can also be supplied with LNG through specially
designed road tankers that carry the fuel in vacuum-insulated, double-walled vessels at the low
temperatures required. These tankers typically carry between 30 and 50 cubic meters and offer a
very flexible method for keeping a consistent supply of LNG on hand. They would be suitable
for smaller aviation fuel distribution chains, especially for regional airports and any places
considering newer alternative fuel routes. With small or “micro-LNG” production facilities
becoming more prevalent, road-based delivery has become an increasingly significant and
scalable solution to meet the aviation-related LNG requirements.
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Beyond on-road delivery, it is also feasible for LNG supplies to be delivered to airports by rail in
cryogenic tank cars or rail-compatible International Organization for Standardization (ISO) tank
containers. Rail shipment can be especially valuable for supplying the numerous airports located
a considerable distance inland, where building new pipelines is not workable, or alternatively
when truck deliveries cannot meet the required fuel demand. Compared with on-road transport,
rail has much greater capacity and improved efficiency of movement for large volumes of LNG.
However, because of the cryogenic and flammable properties, transport requires very stringent
safety and operational controls. LNG could also be supplied to airports through ISO standard
tank containers, which are specifically designed for various transport modes like trucks, trains,
and conventional container ships without necessarily depending on LNG-dedicated ships. These
containers are vacuum-insulated and cryogenic, built according to standard ISO dimensions that
will easily fit into worldwide freight systems. This flexibility allows them to become a viable
supply means for delivering LNG to aviation installations, particularly those considering small-
scale or flexible fuel delivery options.

Other strategies involve the installation of on-site micro-liquefaction systems, in which pipeline
natural gas is cooled to —162°C (111 K) using small-scale liquefaction units, a technology
already deployed in remote industrial and transportation sectors (EPCM n.d.; Hysystech n.d.;
Tecnocryo n.d.). These systems enable airports to produce LNG on demand from gas supply
lines, thereby reducing reliance on trucked LNG and minimizing boil-off by matching
production and consumption. A related concept is the use of hybrid cryogenic buffers and on-
demand liquefaction, where cold energy is stored in auxiliary cryogenic media such as liquid
nitrogen or phase-change materials and used to liquefy natural gas just before fueling. This
configuration reduces the need for large on-site LNG storage tanks and mitigates long-term boil-
off and inventory management challenges.

Another approach involves the use of fixed cryogenic docking, similar to articulated loading
arms used in marine LNG terminals. Aircraft would interface with a fixed LNG transfer arm that
could maintain vacuum-jacketed insulation and controlled boil-off gas capture. Such systems
would have to undergo significant certification and adaptation to meet aviation safety
requirements but would eliminate the need for apron vehicle traffic and provide a more
controlled and repeatable set of transfer conditions. Another approach is the use of mobile LNG
International ISO intermodal containers, which are standard 20- or 40-foot cryogenic containers
equipped with an integrated pump and control system. This allows the container to serve directly
as a refueler, without the need for special-purpose trucks.

Together, these options provide feasibility for the use of LNG in aviation and choices that could
be implemented based on specific airport limitations, regulatory demands, and designs for
propulsion systems. None are in service currently for civil aviation, but similar systems are
operating for marine, industrial, and heavy-transport applications; this demonstrates potentially
realistic paths forward toward future adaptation pending further engineering validation and
safety certification.

The challenges and solutions for LNG storage and delivery to aircraft are similar to that of LH»,
As a cryogenic fuel, LNG undergoes boil-off. Typical boil-off rates in well-insulated tanks are
<0.15% per day (Cioarec 2020). This, however, depends on various factors such as the quality of
insulation, ambient temperature, tank size, and tank geometry. LNG stored at airports would
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most likely be kept in double-walled, vacuum-insulated cryogenic tanks that are specifically
designed to minimize heat ingress. The boil-off rates need to remain low. Boil-off gas produced
during flight operation can be routed directly to the propulsion system, whether for direct
combustion in a gas turbine or fuel cell if any, thereby converting what might otherwise be a loss
into useful energy. If boil-off gas exceeds propulsion demand, auxiliary storage tanks or venting
systems would be required. The use of venting systems on aircraft could have an environmental
impact as LNG predominately contains methane that has high global warming potential.
Alternatively, advanced reliquefaction solutions can be installed to remove excess vapor without
venting.

4.2.3 Liquified Ethane Deployment-Delivery, Storage, Dispensing, On-Site
Liquification
For commercial use of LE in aviation, pipeline networks would likely serve as the primary
means of inland transport, even though LE itself cannot be moved through standard pipelines.
For LE transport through pipelines, it is necessary ethane is in the gaseous phase. Regional gas
transmission systems would carry ethane gas streams or already-separated ethane from upstream
processing sites to purpose-built liquefaction facilities situated at major ports, central distribution
hubs, or possibly airports. At airports they would require liquefaction on-site for efficient storage
to meet the required demand. For domestic distribution after regasification, pipelines
transporting gaseous ethane offer the most economical and operationally reliable option. In turn,
marine carriers link these onshore pipeline grids, which could create a continuous and secure
supply chain for ethane-based aviation fuel.

Cryogenic road tankers have become a very effective way of delivering ethane to various
industrial destinations beyond the fixed pipeline networks and marine transport. These include
petrochemical plants, remote production sites, and possibly to airports in the future. The tankers
are equipped with double-walled, vacuum-insulated tanks that can maintain the low temperature
for ethane to remain liquid. Each unit usually holds from 30 up to 50 cubic meters, thus offering
flexible delivery to sites without direct pipeline connections and those relying on periodic
resupply. With the development in small-scale and micro-liquefaction installations, truck-based
transportation options have grown in importance to serve operations.

Besides highway transport, LE could also be moved by rail using cryogenic tank wagons or ISO-
rated low-temperature tank containers. Rail transport would be the preferred option when
pipelines do not exist, are uneconomical, or are infeasible; additionally, rail transport may
provide access in areas where tankers cannot deliver the volumes required. Compared to marine
transport, carrying ethane by train offers much larger shipment capacities and is far more
efficient, though the high flammability and cryogenic properties of LE demand rigorous safety
procedures. ISO-compliant cryogenic tank containers further facilitate intermodal transport, with
the same unit able to transition between trucks, rail systems, and container vessels without the
need for dedicated ships to carry ethane. Because they share a standardized form factor and have
robust insulation, these containers can provide a flexible and scalable supply path to aviation fuel
depots.

Storage and dispensing technologies for LNG discussed in Section 4.2.2 are also applicable to
LE. Because LE must be kept at —=89°C (184 K) to be in a liquid state at atmospheric pressure,
the introduction of LE as an aviation fuel would involve redesigning many aspects of the fueling
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and storage systems. Although this temperature is much higher than that of LNG, ethane is still a
cryogenic fluid; its handling requires careful selection of materials, pressure control, thermal
protection, etc. Current Jet A fueling networks cannot support these conditions, and thus require
upgraded insulated piping, cryogenic-rated transfer equipment, enhanced leak prevention
systems, and revised inspection and emergency protocols. Ground personnel would also need
specialized training in managing the unique hazards of cold ethane handling, namely the
formation of a vapor cloud and embrittlement of machinery.

LE can be delivered to an airport via truck or pipeline and stored either directly or after on-site
liquefaction. To keep LE in liquefied state, airports would have to use vacuum-insulated, double-
walled cryogenic tanks designed for ethane’s comparatively high vapor pressure w.r.t jet fuel.
These tanks are typically manufactured as horizontal or vertical cylinders, with capacities
ranging from tens to thousands of cubic meters, depending on operational scale. As with other
cryogenic fuels, minimizing the surface area relative to the stored volume helps reduce boil-off
gas generation. Although spherical pressure vessels provide the best geometry for limiting
thermal ingress, because of their cost and manufacturing complexity they are uncommon for LE
applications.

Concepts for fuel transfer may also be borrowed from the ethane shipping industry. For instance,
an aircraft could be connected directly using a fixed cryogenic loading arm, like those used at
marine ethane terminals. Such systems maintain stable insulation, allow controlled boil-off gas
recovery, and would reduce the number of refuelers circulating on the apron. Before such
equipment could be employed in an aviation context, significant certification efforts would be
necessary. A more flexible alternative is the use of LE ISO containers: standard cryogenic tank
modules in 20- or 40-foot format equipped with pumps and monitoring systems. These LE ISO
containers are ready for use as refuelers and could minimize the need for dedicated ethane tanker
trucks.

No cryogenic ethane systems are used in civil aviation facilities, but similar technologies have
been extensively deployed in marine transport, the petrochemical industry, and the heavy-duty
distribution of cryogens. Their reliability in operations demonstrates possible applicability for LE
within forthcoming aircraft fueling infrastructure, provided adequate testing, engineering
optimization, and aviation safety approval.

LE presents many of the same cryogenic storage and delivery challenges as LH> or LNG. Ethane
boils at about —89°C (184 K) under atmospheric pressure. To keep it liquid, storage systems
either cool it to cryogenic temperatures or maintain it under elevated pressure (its vapor pressure
at around 20°C can reach very high values). In a bulk fueling context, the most practical solution
is likely to operate at low temperatures so that the LE remains close to its boiling point while
minimizing the pressure.

Venting ethane has lesser impact on environment than methane due to lower global warming
potential (GWP) of 5.5 a.u. (compared to 27 a.u. for methane). Handling LE is associated with
significant safety challenges. LE is more volatile and flammable than LNG, its vapors are
heavier than air, and it is classified as a simple asphyxiant (Stanford Linear Accelerator Center
2013).
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4.3 Infrastructure and Operations

This subsection provides more details on possible cryogenic infrastructure configurations and
operations at airports, with a particular emphasis on safety, logistic, and regulatory
considerations. In Section 4.2, we briefly note how each cryogenic fuel compares in regard to
storage offset distance requirements and dispensing configurations. We found each cryogenic
fuel must abide by safety distance requirements while in bulk storage and that each fuel can be
dispensed in a similar manner. Differences in safety distances and delivery and dispensing
operations are tied primarily to different fuel characteristics. In terms of airport operations and
logistics, volumetric energy density is one of the more important fuel characteristics because it
impacts how much space is required for storage and impacts how much energy can be delivered
(to the airport or to aircraft) in a single truck load. In the case of leakage events, contact with
skin and possible fuel ignition are two of the main safety risks.

4.3.1 Cryogenic Hydrogen

This section provides insights on the space requirements for LH> infrastructure at an airport and
gives examples of refueling and operating procedures that may take place at airports in the
future. It also notes where knowledge gaps exist and where standardized procedures are still
needed before LH>-powered flight can become a reality. This section primarily leverages
information from IATA’s Concept of Operations of Battery and Hydrogen-Powered Aircraft at
Aerodromes report (Airport Compatibility of Alternative Aviation Fuels Task Force,
International Industry Working Group 2025) and NLR’s Hydrogen Infrastructure Analysis
Frameworks for Aviation Applications report (Bracci et al. 2026). Please refer to these reports for
more detail on safety considerations and design of LH> infrastructure operations at airports.

4.3.1.1 Safety Codes and Standards

Section 2.8 of NLR’s 2025 Hydrogen Infrastructure Analysis Frameworks for Aviation
Applications report details the applicable safety codes and standards for hydrogen handling and
accompanying equipment at airports. The most comprehensive standard for hydrogen utilization
is NFPA 2, Hydrogen Technologies Code, which covers safety and design (including setback
distances) for several types of hydrogen equipment including bulk liquid and gaseous storage,
fuel cells, and hydrogen generation systems (NFPA 2026a). In terms of hydrogen refueling
procedures, no standards have been developed for liquid hydrogen dispensing into aircraft as of
2025. Further research and development are needed in this area before these regulations can be
developed effectively. Existing safety codes and regulations regarding hydrogen-powered
aircraft technology are also not comprehensive and require updating once more knowledge is
gained on how to operate the technology with all safety concerns mitigated (Bracci et al. 2026).

4.3.1.2 Infrastructure Spatial Footprint

Notably, NFPA 2 provides guidance on the necessary offset distances for bulk liquid hydrogen
storage from surrounding infrastructure. Offset distances vary by exposure group, with the
largest offset distances required for lot lines, air intakes, building openings, and ignition sources
(Exposure Group 1). Definitions of each exposure group are found in Table 8.3.2.3.1.6(a) of
NFPA 2. Of note, airport ground support equipment, parked aircraft, and jet fuel storage tanks
would likely fall in Exposure Group 2. However, NFPA 2 does not call out these infrastructure
components specifically, so further regulatory clarification is necessary. Table 8.3.2.3.1.6(a) also
identifies minimum distances from bulk cryogenic storage systems up to 280,000 L (about 20
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metric tons) to each exposure group at various system pressures, assuming the pipe to the storage
system has an inner diameter of 1.5 inches. Table 8.3.2.3.1.6(b) provides additional offset
distances for each exposure group with different inner diameter piping. Figure 43 provides an
example of the estimated spatial footprint for a 4,500-kg bulk LH> storage system that meets
offset distance requirements in NFPA 2. This storage tank volume is roughly equivalent to the
onboard storage volume of five LHz-powered regional turboprop aircraft (see Table 11). Using
Exposure Group 1, the spatial footprint equals about 1,640 m? (equivalent to a square of side
length 133 ft), or roughly 0.365 m? per kilogram of LH, stored.

4500 kg
LH2 Storage

Group 1 (48 ft)
Group 2 (36 ft)
Group 3 (31 fi)
Class 1 Div 2 (25 ft)

Figure 43. Example spatial footprint for bulk liquid hydrogen storage of 4,500 kg with auxiliary
equipment. Assumes 1.5-inch piping and operating pressure between 60 and 120 psi.

Source: Bracci et al. (2026)

As LHb» storage requirements at an airport exceed 4,500 kg, system designers should look to
place more storage tanks in a manner that minimizes the additional spatial footprint (i.e., placing
storage tanks side by side). One method to reduce total area required for storage is to surround
the storage system with a fire barrier wall. With a fire barrier wall, offset distances to Exposure
Groups 1 and 2 can be reduced by 50%, and Exposure Group 3 distances can be reduced to 0 ft
(NFPA 2, Section 8.3.2.3.1.6(C)).

As LH> demand scales above 10 MTPD at an airport, on-site liquefaction becomes more viable.
However, the spatial footprint of the liquefaction plant must be considered before the airport can
make a final investment decision. Argonne National Laboratory notes in HDSAM that the spatial
footprint for a standard 30 MTPD liquefier is 25,000 m? (which equates to a square with side
length of nearly 520 ft) equivalent to 0.83 m? per kilogram of LH, produced each day, and scales
according to a 0.6 exponential factor (i.e., 10-MTPD liquefier = 13,000-m? footprint) (Argonne
National Laboratory n.d.). If an airport is considering producing its own hydrogen, this will also
take up space. Refer to Table 7 for information on hydrogen production technologies and their
potential spatial footprint.

Given the nascency of hydrogen-powered aviation and aircraft hydrogen demand projections
mentioned in Section 4.4.1, it is expected that aircraft LH> consumption at most airports would
remain on the order of 10 MTPD or less by 2050. Therefore, liquid hydrogen trucking is likely to
be the primary delivery method for the next few decades as demand scales, and the LH> storage
systems and dispensing infrastructure will be the primary space consumers. Airports that also
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consume hydrogen for other end uses, such as backup power or as fuel for ground support
equipment, might look at on-site production and liquefaction sooner than 2050 but will have to
keep in mind the space requirements for those systems. More detail on integrating these other
hydrogen applications at airports can be found in NLR’s report titled Hydrogen Applications for
Energy Transition in Port and Airport Operations at the Port Authority of New York and New
Jersey (Semchukova et al. 2025).

4.3.1.3 Distribution and Dispensing Configurations, Operations, and Procedures

As mentioned in Section 4.2.1.4, possible distribution and dispensing methods of LH» include 1)
fixed refueling directly next to the bulk storage system, 2) mobile refuelers, 3) liquid hydrogen
distribution pipelines from the bulk storage to hydrant refueling points and 4) swappable tanks.
In this subsection we explore these configurations in more detail and mention notable safety
considerations and operational procedures that will require further specification before the
technology is commercially established.

Fixed refueling directly next to bulk storage systems would occur on the airport tarmac and is
likely to leverage LH> pumps with insulated transfer lines. Importantly, this configuration would
require finding a location for bulk LH; storage that is directly adjacent to the tarmac such that the
aircraft and storage tanks are within a reasonable distance from each other while also meeting
separation distance requirements yet to determined. This could be very difficult for airports to
accommodate depending on space constraints. Also, in this scenario an aircraft would not refuel
at the passenger loading terminal and therefore could not take advantage of unloading and
loading passengers or cargo at the same time as refueling. Conventional aircraft are typically
refueled at the terminal gate such that passenger or cargo loading and unloading can occur at the
same time and reduce total grounded time (Bracci et al. 2026; SKYbrary n.d.).

For the mobile refueling configuration, mobile refueling trucks would pick up LH> from the bulk
storage and dispense it into an aircraft either at the terminal gate or at designated refueling
locations. This configuration is advantageous over fixed refueling next to bulk storage in that the
bulk storage does not need to be directly next to the tarmac, opening up more locations for
placing bulk storage at or nearby the airport.

It is not yet clear whether mobile refuelers will be allowed to dispense at the terminal gate
because safety zones for liquid hydrogen dispensing are not established. In addition, even if
safety zones are established that do allow for dispensing at the terminal gate, this does not
necessarily mean that dispensing can occur while passengers are on board the aircraft. Current
regulations state that an aircraft may be fueled with kerosene-based fuels (e.g., Jet A) but not
fuels containing gasoline (e.g., Jet B) with passengers on board (Bracci et al. 2026; SKYbrary
n.d.). This is due to the higher flammability of gasoline mixtures compared to kerosene.
Considering hydrogen is even more flammable than gasoline-containing jet fuel, LH» refueling
would likely not be allowed while passengers are on board under current regulations. However,
hydrogen’s thermal, chemical, and physical characteristics are much different than Jet A and Jet
B, and further research must be carried out such that LH»-specific regulations on this topic can
be implemented.

In a hydrant and dispenser truck configuration, the bulk cryogenic storage tanks would be
connected to cryogenic distribution pipelines that end at designated refueling points with a
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hydrant system. A dispenser truck with cryogenic pumps would connect the hydrant to the
onboard aircraft storage tank using insulated transfer lines (Hoelzen et al. 2022; Airport
Compatibility of Alternative Aviation Fuels Task Force, International Industry Working Group
2025). This is a longer-term solution than refueling directly adjacent to the bulk storage or using
mobile refuelers because the distribution pipeline technology is not yet commercial and because
this configuration is only economically viable at large demand levels. Similar to the mobile
refueling configuration, the hydrant and dispenser truck configuration would benefit from having
clear regulations related to where refueling could occur and whether passengers could be on
board while refueling.

It is not yet clear how long the cryogenic dispensing process would take and thus how much
additional time an LH> aircraft would need to be grounded between flights (especially in the case
passenger loading cannot occur at the same time). As noted in Section 4.2.1.4, ZeroAvia’s liquid
hydrogen mobile refueler is aiming for 40 kg of LH> dispensed per minute (ZeroAvia 2025).
Other studies have noted refueling rates that achieve between 60 kg/min and 150 kg/min
(Vertical Flight Society 2023; Stolwijk and Rooze 2025). For a regional turboprop, the storage
tank size would be around 1,000 kg (see Table 11), meaning that the time for dispensing would
be about 25 minutes with ZeroAvia’s dispensing rate. This estimate should be taken as an order-
of-magnitude approximation. As LH> technology matures and more information is available,
dispensing times will become more precise.

In this paragraph, we discuss a few additional considerations for the three refueling
configurations already discussed in this section (fixed refueling directly next to the bulk storage
system, mobile refuelers, and liquid hydrogen distribution pipelines from the bulk storage to
hydrant refueling points). First, safety zones should be developed while the aircraft is refueling
in case of hydrogen spillage or ignition. In a configuration where refueling occurs directly next
to the storage, this should be easier to comply with because the cryogenic storage tanks must be
placed in a location with offset distances already considered. This might be harder to comply
with if the desired refueling location is at the terminal gate. Hydrogen sensors should also be
deployed at different points in the dispensing equipment to detect any leaks before, during, or
after the refueling process. Before dispensing, aircraft fuel systems should be precooled to avoid
excess boil-off gas and purged to avoid hydrogen mixing with oxygen. During the dispensing
process, boil-off gas generation is inevitable, and procedures must be developed on what to do
with the gaseous hydrogen in the onboard storage tank once the refueling process is complete.
More exact specifications for each of these considerations are required before liquid hydrogen
dispensing can become standard practice (Airport Compatibility of Alternative Aviation Fuels
Task Force, International Industry Working Group 2025).

The use of swappable LH> storage tanks instead of refueling the aircraft would eliminate the
need for specific airport refueling procedures and equipment. Instead, this pathway would
require guidance on how to go about loading and unloading tanks from the aircraft and an
understanding of the logistics of transporting the modular tanks to and from the airport and
aircraft. For this concept, the LH> tanks could be filled directly where hydrogen is produced and
delivered via trucks to the airport. Ideally, existing cargo handling equipment at the airport could
be used to haul the storage tanks between a designated storage tank holding terminal and the
aircraft itself (Airport Compatibility of Alternative Aviation Fuels Task Force, International
Industry Working Group 2025). Based on Title 14 of the Code of Federal Regulations (14 CFR),
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it is possible that a certified mechanic performing a tank swap would need to sign off in an
aircraft log book each time a tank is changed out (National Archives and Records Administration
2026). It is not yet clear how long the entire tank swap process would take and how much time,
if any, it would add between aircraft flights. This refueling approach is still at a conceptual stage,
so it is also still unclear whether the tank swapping could occur at a terminal gate and whether it
could occur while passengers are loading/unloading the aircratft.

For any of these refueling configurations, if liquid hydrogen were to spill, risks would include
contact to skin and possible explosion. When the liquid hydrogen is released, flash evaporation
occurs because of the high temperature difference between the ambient air and the liquid
hydrogen at —253°C (20 K). In addition, the air surrounding the spill condenses to a liquid and
even freezes very close to the spill (oxygen freezes at —218°C, and nitrogen freezes at —209°C).
The combination of air condensing and the LH> evaporating leads to a white cloud formation
above the spill (Friedrich et al. 2023). The rate of evaporation of liquid hydrogen will depend on
factors such as air and ground temperature, spill volume, wind, and surface material. Only a few
studies have looked at liquid hydrogen evaporation in detail (Takeno et al. 1994; Odseter et al.
2021; Friedrich et al. 2023). These studies, as well as future studies, should be leveraged to
create standard procedures to follow if an LH> spill were to occur at an airport.

4.3.1.4 Aircraft Operating Procedures

While it would be expected that most operating procedures remain the same with cryogenic-
powered aircraft compared to conventional aircraft, some aspects will be adjusted. As noted in
the previous subsection, refueling location may differ, which will impact how aircraft maneuver
on the tarmac and the amount of time the aircraft is grounded between flights. With hydrogen as
the fuel source, considerable water production is expected during operation. It will have to be
decided whether water can be emitted while navigating the tarmac, especially in below-freezing
temperatures (Airport Compatibility of Alternative Aviation Fuels Task Force, International
Industry Working Group 2025). Procedures and conditions for LH> dumping in flight are also
not yet in place. If in-flight dumping is allowed in the future, the LH> would likely be vaporized
upon release such that there would be no evidence of the release from the ground below. Jet fuel
vaporization is standard practice when conventional aircraft perform dumping in flight (Massey
2019). With LH> flight, aircraft operators must also be aware of any boil-off gas that
accumulates in the onboard storage tank of the aircraft and know what measures can be taken to
reduce pressure buildup in the storage tanks. Each of the items discussed here, as well as others
not explored in this report, must be addressed with standardized procedures or regulations before
LH»-powered aircraft are commercialized.

4.3.2 Liquefied Natural Gas

As an aviation fuel, the use of LNG is a significant departure from conventional jet fuel
operations into the cryogenic handling of fuels like LH>. LNG is stored at —162°C (111 K),
requiring well-insulated tanks, vapor management systems, and boil-off gas recovery. At the
airport level, this would involve off-airport pipeline or tanker delivery to on-site cryogenic
storage, with distributed refueling via cryogenic fuel trucks or potentially fixed cryogenic
pipelines to gates. This contrasts with jet fuel’s relatively straightforward pumping; LNG
handling relies on controlled pressure/temperature management to avoid rapid vaporization.
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Safety regulations for LNG are governed by a comprehensive framework of international,
national, and industry-specific codes that collectively ensure safe production, storage,
transportation, and refueling. The NFPA 59A (NFPA 2026b) is the principal U.S. standard
regulating LNG facility design, construction, operations, and emergency response. It prescribes
requirements for tank containment systems, minimum separation distances, spill containment,
fire protection, and vapor cloud hazard mitigation based on decades of full-scale LNG safety
research. Complementing NFPA 59A are other U.S. standards such as NFPA 52 (NFPA 2026¢),
which governs LNG and compressed natural gas fueling systems and is highly relevant for
airports that may rely on LNG tanker trucks or mobile cryogenic refuelers. Internationally, LNG
refueling and small-scale distribution systems are primarily governed by ISO 16924 (ISO 2026),
which provides requirements for LNG fueling station design, operations, ventilation, hazardous
zoning, and emergency shutdown systems. These ISO codes are widely used in Europe and Asia
and form the backbone of global LNG refueling safety practices, many of which could be
directly applicable to future airport LNG systems. The ISO 20519 standard specifies safety and
operational requirements for bunkering of LNG for ships powered by LNG, including
procedures, equipment, and risk management for safe fuel transfer operations (ISO 2021). The
ISO 28460 standard provides guidelines for the ship to shore LNG transfer at ports,
compatibility, and safety measures between LNG carriers and terminal facilities. These marine
standards could serve as a starting point for the development of aviation-specific standards that
are in the early stages (ISO 2010).

Determining the land requirements for an LNG storage farm sited in proximity to an airport is
governed by several key factors, including storage capacity, equipment configuration, and
mandated safety setbacks. Like hydrogen siting guidance, airport infrastructure, including
ground support equipment, parked aircraft, and fuel storage tanks, is expected to be treated as a
significant exposure concern with respect to siting LNG storage tanks. However, these aspects
are not specifically discussed in the NFPA 59A (NFPA 2026b) code, which might need further
review and safety analysis in terms of incorporating LNG infrastructure into airport
environments.

NFPA 59A (NFPA 2026b) recommends minimum separation distances for LNG storage tanks
according to their storage capacities, which can vary for different configurations (i.e., single
containment, double containment, or full containment tanks). For smaller capacities of cryogenic
LNG storage tanks, which are often used for fueling vehicles or for small-scale distribution
centers, separation distances from property lines and buildings can vary from a few meters up to
tens of meters. With an increase in storage volume, setback distances also increase accordingly
for better protection from thermal radiation and vapor dispersion hazards.

To estimate the spatial footprint associated with LNG storage infrastructure, an example scenario
with 4500 kg of LNG is considered here to match the same mass discussed previously for LH2.
This storage capacity equates to a range bracket with 18,000-gallon as the maximum in Table
6.3.1 of NFPA 59 (NFPA 2026b), which corresponds to approximately 10.5 m? of LNG using
LNG density of approximately 430 kg/m? (liquid density).

Separation distances for LNG storage tanks are specified in NFPA 59A (NFPA 2026b). For LNG
containers in this size range, the standard specifies a minimum setback distance of approximately
25 ft (7.6 m) from property lines and buildings that can be built upon. To approximate the spatial
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footprint required for this storage system, the required setback distance can be applied around the
tank. Assuming a representative vertical LNG tank diameter of approximately 2.4 m for a tank of
this capacity, the total side length of the required safety zone can be estimated as the tank
diameter plus twice the required setback distance (side length = tank diameter + 2 x setback
distance) of 17.6 m (57.7 ft). Approximating the safety zone as a square area, the resulting spatial
footprint is ~310 m? (3330 ft?). When normalized by the mass of LNG stored, this corresponds to
a spatial footprint of approximately 0.069 m? per kilogram of LNG stored.

For LNG liquefaction spatial footprint, the plant is assumed to be 30 MTPD (0.01 million metric
tons per annum (MMTPA)) production capacity, similar to LH>. Modern liquefaction
technologies employ modular designs that contribute to reducing the footprint. Significant space
is still required for the supporting infrastructure that includes utility systems, flare stacks,
distribution networks for trucks or pipelines, areas for maintenance, and zones dedicated to
safety. Using Figure 44 as a reference value for estimation, a US LNG plant with (a capacity of
30 MTPD would require approximately 0.33 acres (1,330 m?) of land (which would equate to a
square with side lengths of 120 ft).
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Figure 44. LNG liquefaction spatial footprint for given capacity.
Adapted from Thunder Said Energy (n.d.)

Discussions on distribution and dispensing LH> in Section 4.3.1.3 are applicable to LNG due to
its cryogenic nature. LNG refueling flow rates are limited not by pump power alone but by
thermodynamic constraints preventing flash vaporization and managing differential temperatures
between aircraft tanks and hoses. Current cryogenic transfer operations suggest flow rates of
100—-600 L/min (43-258 kg/min) (Chart Industries 2014), substantially lower than Jet A hydrant
systems that routinely exceed 3,000—4,000 L/min (Refuel International n.d.). To give an estimate
of fueling times, a Class 8 LNG truck with single tank of 120 gallons requires close to 3 minutes
to fuel (DOE 2019).

LNG leaks differ fundamentally from Jet A spills. Jet A forms pools that burn; LNG rapidly
vaporizes into a cold methane cloud. A spill typically vaporizes within minutes, depending on
wind and surface heat. The principal hazards include:
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1. Flammable vapor cloud formation, which can ignite if it reaches an ignition source.
2. Asphyxiation or cold-burn danger for personnel in proximity.
3. Rapid phase transition when LNG contacts water, causing explosive vaporization.

Emergency procedures must prioritize immediate area evacuation, vapor cloud tracking,
ventilation, controlled ignition, and isolation of cryogenic transfer systems. Compared with Jet
A, LNG introduces new detection requirements and new training for ramp personnel.
Firefighting agents and methods must be revised as well.

If LNG leaks or is jettisoned, it will evaporate nearly instantaneously upon exposure to ambient
conditions at altitude, creating a plume of methane that disperses rather quickly but can have
adverse effects for the environment. Methane-fueled aircraft would, therefore, plan to use engine
burn-off rather than fuel jettison. This operational difference may lead to modified emergency
procedures. Atmospheric impacts of methane releases would likely trigger new ICAO guidelines
for controlled venting and environmental reporting.

4.3.3 Ethane

LE is stored at cryogenic temperatures of —89°C at atmospheric pressure; it is less volatile than
liquid hydrogen and more volatile than LNG. LE delivery and fueling operations at airports
would include receiving the fuel from off-airport production or liquefaction plants, storing in
insulated tanks, managing boil-off gas, and delivering the liquid to aircraft through either mobile
refuelers or fixed infrastructure pipelines. Energy/fuel operations would also include continuous
thermal management. LE naturally warms and vaporizes; thus, handling systems must maintain
pressure/temperature stability, vent, or reliquefy boil-off to ensure safe flow through cryogenic
pumps or pressure-driven systems. The flammability range for ethane is wide, and its vapor is
heavier than air. These properties raise several ground-level accumulation concerns. As such,
ventilation, leak detection, and controlled operating zones become a significant part of day-to-
day operations.

The NFPA 59A, NFPA 55, and ISO 6578 provide safety standards for safely handling, storing,
and transporting LE (NFPA 2026b, 2023; ISO 2025). The NFPA 59A provides detailed safety
requirements with respect to the design, construction, location and operation of facilities that
deal in LNG and similar cryogenic hydrocarbons, as stated in Section 4.3.2.1. The NFPA 55
code complements the NFPA 59A code by providing general safety practices for storage, use and
handling and cryogenic fluids. The safety practices in NFPA 55 cover ventilation rates in storage
areas; separation distances; piping systems; containment; tank configurations; and hazard
communication in order to minimize hazards of fire, explosion, or exposure. NFPA 52 (NFPA
2026c¢), which governs LNG and compressed natural gas fueling systems in vehicle systems, can
also be used as a surrogate for LE in the absence of a relevant standard or until the establishment
of a relevant code. In addition to these operational and safety standards, ISO 6578 describes a
precise method for determining the mass and volume of refrigerated hydrocarbon liquids
utilizing measured temperature, density, and tank conditions for accuracy in inventory
management. These standards help ensure consistency in safe and reliable operations throughout
facilities dealing in LE.
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Due to the absence of reliable, infrastructure spatial footprint data for LE, Liquified Petroleum
Gas fire code NFPA 58 (NFPA 2024a) is used as a surrogate for estimates. As a representative
case, consider an aboveground storage tank with a capacity of 4500 kg requiring a minimum
separation distance of 75 ft (23 m) from buildings and property lines according to NFPA 58
(NFPA 2024a). A tank of this capacity corresponds to approximately 8.3 m? of liquid fuel using
liquid ethane density of 540 kg/m?. To estimate the facility footprint, the required separation
distance can be applied around the tank. A typical aboveground cryogenic storage tank of this
capacity has a representative diameter of approximately 1.4 m (4.6 ft). The required footprint
side length is estimated to be 47.4 m (155 ft). When normalized by the stored fuel mass, this
corresponds to a spatial footprint of approximately 0.5 m? per kilogram of LE stored.

As reliable data on liquefaction spatial footprint for LE plants is not available, it would be
reasonable to assume similar estimates of LNG for LE plants.

Discussions on distribution and dispensing configurations and procedure on LNG in Section
4.3.1.3 are applicable to LE due to its cryogenic nature and similarity in properties. Due to the
absence of fuel dispensing rates for LE, the same considerations presented for LNG are applied
to LE; please refer Section 4.3.2.The same aircraft operating procedures mentioned for LNG in
Section 4.3.2 are applicable to LE.

4.4 Cryogenic Fuels Market Analysis

There are multiple market factors that influence fuel adoption. These include price (relative to
conventional fuel), availability, compatibility, emissions, and policy factors. The availability of
capital and federal loan guarantees to build and demonstrate first-of-a-kind aviation “fuel” plants
will impact markets and the timeliness of deploying new fuels to the aviation market. Hydrogen,
LNG, ethane, and other future aviation fuels will be heavily impacted by policies, as newly
deployed fuels generally cost more than conventional fuels.

4.4.1 Cryogenic Hydrogen

The development of a hydrogen market, whether cryogenic or not, will be dependent on factors
such as technology advancement, infrastructure deployment, policy support, and cost-
competitiveness. Each of these factors are interdependent and any changes in status will shift the
trajectory of hydrogen demand. As an example of this interdependence, the U.S. DOE hydrogen
roadmap lists possible U.S. hydrogen demand for different sectors by 2050 assuming hydrogen
can be supplied at a threshold price (see Figure A-1 for more detail). For medium- and heavy-
duty trucking, the threshold price is between $4/kg and $5/kg (DOE 2023a). If hydrogen cannot
be delivered to medium- and heavy-duty trucks at the threshold price, hydrogen is not cost-
competitive with the incumbent (e.g., diesel) and other alternative vehicle fuels (e.g., battery
electric, biofuels) and hydrogen demand will not reach projected 2050 values of 5 MMT/yr to 8
MMT/yr (DOE 2023a). To avoid this scenario, some or all other factors (i.e., technology
advancement, infrastructure deployment, policy favorability) must play a role such that the cost
threshold can be met over time. In addition, if hydrogen price reduction over time is noticeable,
it can spark further investment in technology development and deployment, as well as policy
support, that can help the price reach parity with the incumbent.

Notably, the U.S. DOE hydrogen roadmap does not include a specific callout to hydrogen
demand for aviation (DOE 2023a). Instead, aviation is accounted for in the “additional demands”
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sector, which may contribute close to 10 MMT of U.S. hydrogen demand by 2050. This sector
includes emerging sectors such as hydrogen exports, aviation, off-road equipment, specialty
chemicals, and others. While not providing concrete hydrogen demand projections for LH»-
powered aircraft, the hydrogen roadmap does provide insights as to the threshold price LH> must
be dispensed into aircraft (i.e., the price the aircraft owner pays). The hydrogen threshold price
for aviation may be in the range of $4/kg—$5/kg, similar to the medium- and heavy-duty vehicles
price range, because jet fuel has both a similar price and gravimetric energy density as gasoline
and diesel used for vehicles. The exact price threshold where hydrogen becomes competitive
with jet fuel will ultimately depend on factors including, but not limited to, price of jet fuel, the
efficiency of a hydrogen-powered propulsion system compared to the incumbent jet engine
propulsion system, and any payload capacity losses due to the lower volumetric energy of LH>
compared to jet fuel. High jet fuel prices, high hydrogen propulsion system efficiency, and no
payload capacity reduction with hydrogen-powered aviation (compared to similarly sized and
designed conventional aircraft) would be the ideal conditions for hydrogen demand for aviation
to scale. This scenario would lead to a high hydrogen threshold price.

For reference, the price of hydrogen at light-duty refueling stations in California reached more
than $30/kg in 2024. However, this high price was primarily driven by hydrogen supply
disruptions that left stations without fuel. Retail hydrogen prices in Europe, South Korea, and
Japan were in the range of $7-$16/kg in 2024 (Collins 2024). With the learning taken from these
first-of-their-kind refueling stations in California, and as the hydrogen supply chain in the United
States matures, hydrogen retail prices at the pump would be expected to drop, especially for new
end-use applications like heavy-duty trucking and eventually LH>-powered aviation.

In 2024, NLR published a report titled Levelized Cost of Dispensed Hydrogen for Heavy-Duty
Vehicles, which indicated that the cost of gaseous hydrogen dispensed into heavy-duty trucks and
delivered via liquid hydrogen tanker trucks could range between $6.50/kg and $11.20/kg around
2030 depending on the refueling demand and station utilization rate (Figure 45) (Bracci et al.
2024). While these costs are specific to heavy-duty vehicle hydrogen demand, the only
significant infrastructure change for aircraft hydrogen demand is in the refueling station because
the hydrogen would be a cryogenic liquid instead of gaseous when dispensed into aircraft. When
dispensing LH>, the requirement for high-cost compressors is eliminated, and total refueling
station cost may be comparatively lower (Elgowainy 2024). However, by the next decade it is
likely that hydrogen demand for aircraft at airports will be on the order of 1 MTPD or less,
meaning the higher-cost values under the “2 MTPD” section of Figure 45 would be most
relevant. The dispensed costs under the 2-MTPD scenarios, as well as all other station capacity
scenarios, are lowest at high station utilization ($6.50/kg - $7.70/kg) but are above the threshold
price of $4/kg - $5/kg. Government support and/or rapid technology learning and adoption would
be necessary to reduce costs to threshold values. Note that the production cost of $1.50/kg H» in
Figure 45 is based on incumbent production pathways (i.e., SMR), but maturing production
pathways, such as renewable electrolysis, may reach similar cost in some locations if tax credits
from the Inflation Reduction Act are leveraged (Bracci, Koleva, and Chung 2024; DOE 2024).
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Levelized Cost of Dispensed Hydrogen in 2030 with LH2 Delivery
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Figure 45. Potential total levelized cost of hydrogen dispensed under various heavy-duty refueling
station capacity and lifetime utilization rate assumptions.

See Bracci, Koleva, and Chung (2024) for more detail.

The dispensed levelized cost of hydrogen values do not include additional markup or incentives that could affect the
price of hydrogen fuel to the customer.

In California, the Alliance for Clean Hydrogen Energy Systems (ARCHES) hydrogen hub
estimates about 11 MTPD of hydrogen demand for direct use in aircraft by 2035, spread out over
eight in-state airports (Chen et al. 2025). This results in an average of 1.4 MTPD of demand per
airport in 2035, with dispensed costs of hydrogen most likely to align with those presented under
the 2-MTPD scenarios in Figure 45. By 2045, ARCHES estimates direct hydrogen-powered
aviation could have a total demand over 200 MTPD spread out over the major airports in the
state of California. This would yield dispensed costs in line with the 4-, 8-, and 18-MTPD
sections of Figure 45, as average airport demands will have grown higher than the 2035 average
of 1.4 MTPD (Bracci, Koleva, and Chung 2024; Chen et al. 2025). As mentioned in Section
4.1.22.2, liquid hydrogen tanker trucking, which is assumed in Figure 45, is the most viable
delivery option to airports with throughput on the order of 1 MTPD — 10 MTPD, similar to this
California example. Once airport hydrogen demand exceeds this threshold, hydrogen pipeline
delivery or on-site liquid hydrogen production become more realistic options. This is because (1)
multiple liquid truck hydrogen deliveries per day can lead to traffic congestion and other
logistical difficulties at the airport, and (2) better economies of scale are achieved for pipelines
and on-site LH> production at higher demand levels. With this in mind, and with demand
estimates from ARCHES, it is realistic that liquid hydrogen tanker trucks can be the primary
mode of delivery to airports in California until midcentury, with on-site production or pipeline
pathways becoming more economically viable afterward.
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In addition to the ARCHES study, Van Dijk et al. (2024) also examined possible hydrogen
demand levels at the airport scale, specifically for the Rotterdam The Hague Airport, the third
largest airport in the Netherlands with 2.2 million passengers per year. They found that in a case
where 40% of turboprops and 20% of turbofans are replaced with H>-powered aircraft by 2050,
average daily hydrogen demand would amount to 9.1 MTPD in 2050. To add perspective, Los
Angeles International Airport has roughly 40 million passengers per year, so even if Ha-powered
aircraft adoption was about 95% lower than the Rotterdam case and assuming similar aircraft
types and flight lengths, we could expect similar magnitude of hydrogen demand at Los Angeles
in 2050. If airports like Los Angeles require refueling capacity around 8 MTPD in 2050,
dispensed costs could be below the reported 2030 cost of $6.80/kg (see Figure 45) with
technology learning that occurs between 2030 and 2050.

Few other studies provide an in-depth look at hydrogen demand growth over time in the aviation
sector. Studies that have provided demand estimates at either a global or country level tend to
focus on net-zero scenarios. Net-zero scenarios reported by IATA (Collins 2022); Oesingmann,
Grimme, and Scheelhaase (2024); and IEA (2023) estimate direct hydrogen use in airplanes to
reach levels between 8 and 20 MMT per year by 2050 at a global scale. BNEF estimates global
hydrogen consumption for direct use in aircraft could reach 44 MMT/yr by 2050 in their net-zero
case. BNEF also breaks out the U.S. aviation sector direct hydrogen consumption in their net-
zero scenario, estimating 9.5 MMT/yr by 2050 (BNEF 2025). Additionally, BNEF reports
hydrogen demand under an “economic transition” scenario that considers existing policy and
otherwise chooses technologies based on cost-competitiveness (BNEF 2025). Notably, global
direct use hydrogen for aviation is reported at 0 MMT/yr each year up to and including 2050 in
this scenario, and fossil fuels remain the primary aircraft fuel. This is likely due to a high cost of
hydrogen that is uncompetitive with the incumbent jet fuel. It also highlights the necessity of
further policy support and advancement in technology, which can spur hydrogen infrastructure
deployment and reduce costs, if hydrogen is to become an economically viable option. Table 9
briefly overviews each of the aviation-sector-specific hydrogen demand forecasts reviewed.
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Table 9. Aviation-Sector-Specific Hydrogen Demand Forecasts

Scale Scenario 2050 Direct Aircraft Notes Source
Hydrogen Demand
Global Unspecified 20 MMT Likely a net-zero scenario but not specified. Only  Collins (2022)
applies if hydrogen-powered aviation is available
by 2035.
Global Aspirational 43 MMT Highly ambitious scenario. By 2042, 100% of Air Transport Action Group
new aircraft sold with between 101 and 210 (2021)
seats are hydrogen-powered
Global Net zero 13-17 MMT Uses aviation-specific demand curves for low- Oesingmann, Grimme, and
pollution fuels to estimate cryogenic H2 demand  Scheelhaase (2024)
Global Net zero ~8 MMT Assuming 120 MJ/kg Hz IEA (2023)
Global Net zero 44 MMT Assuming 120 MJ/kg Hz BNEF (2025)
Global Economic 0 No new policy. Technology selection based on BNEF (2025)
transition cost-competitiveness.
Global/regional Baseline 8.3 MMT (global) Assuming 120 MJ/kg H2. Represents DNV’s DNV (2024)
3.2 MMT (North America) best-guess forecast with an estimated 2.2°C
warming by 2100.
United States Net zero 9.5 MMT Assuming 120 MJ/kg Hz BNEF (2025)
United States Economic 0 No new policy. Technology selection based on BNEF (2025)
transition cost-competitiveness.
California Measured >0.073 MMT in 2045 (>200 Measured rollout scenario where eight in-state Chen et al. (2025)
rollout MTPD) airports support H2-powered turboprops by 2035.
Rotterdam The Low ~0.003 MMT (9.1-MTPD 40% turboprops, 20% turbofans replaced with Van Dijk et al. (2024)
Hague Airport demand average) Hz-powered aircraft
Rotterdam The Mid demand ~0.008 MMT (21.5-MTPD 60% turboprops, 50% turbofans replaced with Van Dijk et al. (2024)
Hague Airport average) H2-powered aircraft
Rotterdam The High ~0.014 MMT (38.2 MTPD 90% turboprops, 90% turbofans replaced with Van Dijk et al. (2024)
Hague Airport demand average) H2-powered aircraft
Groningen Vision ~0.017 MMT (45.9 MTPD ~75% airline passengers take LH2-powered flight ~ Stolwijk and Rooze (2025)

Airport Eelde

average)

by 2050
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4.4.2 Liquefied Natural Gas

The adoption of LNG into aviation economically would be influenced by the global energy
market, especially as related to price stability, supply availability, and confidence in long-term
investment. Global natural gas prices have been extremely volatile in recent years (2022-2024)
but have since moved to a more stable range (after 2024) as new liquefaction capacity have
entered the market and supply-and-demand balances have loosened. More predictable pricing
reduces the investment risk for airlines, airports, and fuel suppliers when considering LNG as a
substitute for conventional aviation fuels. A fundamental factor for aviation applications is that it
requires reliable and continuous fuel supplies if aircraft are solely powered by LNG. In addition,
massive LNG export and liquefaction capacity expansions planned in the United States point
toward a long-term increase in LNG availability, with a forecasted LNG production of 1.71
billion gallons/day in 2050 (EIA 2023e).

Infrastructure readiness is another decisive market characteristic. Global regasification capacity
has increased substantially in the last few years due to the rapid growth in the LNG carrier fleet.
Although these developments indicate a strong LNG supply chain, the associated downstream
infrastructure for aviation that includes LNG storage, local distribution systems, compatible
aircraft, and ground support technologies does not exist yet. Growing deployment of floating
storage, regasification units, and small-scale LNG systems may provide future opportunities for
airports, particularly infrastructure-constrained or coastal locations that can potentially integrate
LNG. However, significant capital investment and long lead times remain necessary for reliable
supplies of LNG to airports.

LNG exports have grown rapidly over the past decade and are likely in the next decade to
become the single largest sector of national natural gas use, surpassing all other domestic user
groups. Driven by forecasts from the EIA’s 2023 Annual Energy Outlook (EIA 2023a), LNG
exports are expected to exceed the volumes used in any major sector—such as the electric power,
industrial, residential, or commercial segments—by the early 2030s. Linked to international
LNG pricing trends, the growth in these exports and their impact on the national energy market
are also closely tied to how rapidly new export infrastructure comes online. Possible future
scenario forecasts predict that high global LNG prices could increase U.S. LNG export volumes
significantly, from a reference of 27.3 billion cubic feet (Bcf) per day to as much as 39.9 or even
48.2 Bcef/d in the most optimistic case by 2050 (Table 10). If, however, the international prices
go down, growth is estimated to be much slower, reaching only 15.3 Bcetf/d by 2050 due to lower
prices discouraging new facilities (EIA 2023e). Currently, the United States has an operational
LNG export capacity of 11.4 Bcf/d, another 7.3 Bef/d is under construction, and up to 18.3 Bcet/d
is approved but pending development decisions.

EIA’s 2023 Annual Energy Outlook (EIA 2023a) considers several scenarios for domestic spot
prices in the period up to 2050. Assumptions for the different scenarios are provided in Table 10,
and details on the scenario are provided in Table A-2. The reference case assumes that the Henry
Hub spot price will reach almost $3.80/MMBtu by 2050 (Figure 46). With high international
LNG prices and rapid growth in U.S. export capacity, the spot price would reach almost
$4.80/MMBtu; with low international prices and a slowdown in the growth of LNG exports, the
forecast falls to approximately $3.30/MMBtu in 2050. Extreme oil and gas supply-driven cases
push the values to $6.40/MMBtu and as low as $2.80/MMBtu, respectively.
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Table 10. LNG Price Outlook.
Source: EIA (2023c)

Low High FastBuilds 2018-2022
Reference LNG LNG Plus High  Range
Price Price LNGPrice |ow High
LNG exports (Bcf/d) 27.3 15.3 399 482 3.0 10.8
Henry Hub spot price (2022 $/MMBtu) $3.77 $3.28 $4.31 $4.81 $2.23 $6.52
Natural gas consumption (Bcf/d) 82.2 825 819 817 827 87.7
Industrial natural gas consumption,
excluding lease and plant fuel (Bcf/d) 213 214 269 267 222 233
Electric power natural gas consumption 212 298 19.7 18.6 290 323
(Bcf/d)
gl:;::zlti%is share of electricity 299, 23%  20%  19% 34%  40%
Electric power price (2022 ¢/kWh) 11.0¢ 11.0¢ 11.1¢ 11.2¢ 12.1¢ 12.3¢
2022 dollars per million British thermal units e '\
$7 2022 eia
history ' projections
$6
Fast Builds Plus
$5 High LNG Price
High LNG Price
$4
0 Reference
$3 =Low LNG Price
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Figure 46. Natural gas price at the Henry Hub.
Source: EIA (2023b)
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Figure 47. Cost distribution of an LNG supply chain.
Source: Elkins, Gonzales, and Schutz (2024)

Estimating LNG prices at the point of delivery, such as an airport, requires consideration of
several cost components beyond the base hub price. These include variable liquefaction costs
(estimated at approximately 15% of the base hub price), fixed tolling fees in the range of $2—
$3/MMBtu (combined together in Figure 47), and shipping expenses that may account for
around 20% of total cost. Additional downstream costs, such as receiving, regasification, and
distribution, can add another 30% to the delivered price. When these elements are combined with
an assumed Henry Hub LNG price of about $3.77/MMBtu, the resulting estimated cost at the
airport is roughly $10/MMBtu.

By comparison, jet fuel prices are around $18/MMBtu (EIA 2024a), which makes LNG
potentially interesting as a lower-cost, pollutant-reducing alternative. Although this comparison
indicates a cheaper alternative, it ignores key practical and safety-related costs associated with
the storage, handling, and transport of cryogenic fuels. LNG requires specific infrastructure,
wide-ranging safety systems, and very precise operational procedures—all of which imply
additional costs that are not negligible and that would impact the overall cost-competitiveness.

4.4.2.1 Renewable Natural Gas

RNG could potentially be used to produce aviation LNG. Currently, RNG is used as an on-
highway transportation fuel for medium and heavy-duty vehicles. At the end of 2024, RNG
accounted for 86% of fuel used in compressed natural gas vehicles (The Transport Project 2024).
RNG qualifies as a cellulosic biofuel under the Renewable Fuel Standard and is currently the
main contributor to this fuel category (EPA 2025a). RNG consumption in the transportation
market has grown the past decade from 189 to 1.2 billion gallons of ethanol equivalent between
2016 and 2025 (125 million to 734 million gallons of Jet A equivalent) (EPA 2025a).” Prior to
2025, EPA previously reported compressed and liquified RNG separately and in 2024 liquified
RNG was 7.9% of the market (EPA 2025a). Since RNG is transported in natural gas pipelines,

" EPA reports RNG volumes for the Renewable Fuel Standard in gallons of ethanol equivalent.
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credit is received via a book-and-claim system as described for SAF in Section 2.2.2. RNG is not
currently used in aviation although it can serve as a feedstock or process fuel to produce SAF
with potential demand of RNG-based SAF of 10 to 13 trillion Btu in 2030, equivalent to about
121 to 157 million gallons of LNG (ICF 2025).

A study funded by the American Gas Foundation evaluated low (10% of available biomass) and
high (23% of available biomass) resource utilization scenarios for biogas to RNG through 2050.
They estimate that anaerobic digestion potential is from 672 to 3,951 trillion Btu/yr (equivalent
to 8 to 47 billion gallons of LNG), and the potential from thermal gasification is between 955
and 12,415 trillion Btu/yr (equivalent to 12 to 150 billion gallons of LNG) (American Gas
Foundation 2025). Both scenarios assume availability of energy crops not currently produced.

4.4.3 Liquefied Ethane

Several market dynamics influence the eventual use of ethane as an aviation fuel. A majority of
the ethane produced in the United States, about 80%, currently goes to the petrochemical sector
to make ethylene. There is significant demand for it, which puts pressure on any other uses, such
as aviation fuel, to compete for consumption. Similarly, infrastructure such as pipelines, storage,
and fractionation facilities are designed to support the petrochemical process; so, using ethane
for aviation would probably be done with significant modifications or new investments. The
United States also exports large volumes of ethane, and healthy international demand further
impacts domestic supply and opportunity costs (DOE 2022). Price variations are linked to natural
gas costs and impacted by ethane availability because operators might choose not to recover
ethane when natural gas prices are low (World Ports Organization 2024).

U.S. ethane production has grown over the past decade and is expected to continue to grow.
DOE projects that production of natural gas plant liquids, which include ethane, will increase by
about 20% over the next 30 years, with ethane holding a steady share of more than 40% of total
natural gas plant liquid volumes through 2050 (DOE 2022). In 2024, production averaged about
2.8 million barrels per day (EIA 2025b). Much of this ethane is recovered at gas processing
facilities, and domestic consumption is still heavily weighted to petrochemical applications.
Exports have grown to nearly 500,000 barrels per day in 2024 amid strong international demand
for petrochemicals. Although this is indicative of a substantial production base, much of the
output is locked into petrochemical manufacturing or outbound shipments, leaving relatively
little available for use as aviation fuel.
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Figure 48. Ethane prices at Mon Belvieu (main pricing hub).
Source: EIA (2025b)

Ethane trades at relatively low prices compared to other feedstocks primarily due to its abundant
supply as a natural gas liquid and its correlation with natural gas prices. The U.S. hub prices,
such as at Mont Belvieu, Texas, remain low compared to alternative fuels, providing a
competitive baseline for cost modeling in fuel production. This low cost is driven primarily by
the increased supply of ethane and its relatively simple extraction from natural gas reservoirs.
Ethane prices in the United States, as shown in Figure 48 have held within a relatively stable
range of just a few dollars per MMBtu for several years. As an essential part of the natural gas
liquids mix, ethane’s pricing reflects the ongoing equilibrium between gas processing activities
and demand from petrochemical facilities. Throughout this period, ethane has remained
consistently affordable, economically feasible to extract, and closely tied to both natural gas
output and the requirements of the petrochemical industry.

According to EIA’s 2023 Annual Energy Outlook (EIA 2023a), industrial-sector ethane
consumption is set to rise steadily through the 2030s, with new cracking facilities coming online
and expanding global ethylene production capacity. Export activity, enabled by very large ethane
carriers and upgraded marine export terminals, has increasingly become a major driver of U.S.
ethane demand. Although these exports are not expected to exceed domestic ethane consumption
for ethylene production, they will likely remain one of the fastest growing components of ethane
demand. As with LNG, this growth depends heavily on infrastructure expansion, including
fractionators, de-ethanizers, refrigeration units, export terminals, and long-distance pipelines.

Estimating delivered ethane prices at specific end-use locations, such as industrial facilities or
airports, requires considering several cost components in addition to the Mont Belvieu hub price.
Liquefaction and refrigeration add roughly 10%—-20% to the base cost (DOE 2022). Fixed tolling
or fractionation fees typically contribute $1.50-$2.50/MMBtu, while shipping aboard very large
ethane carriers and port handling can add another 20%—-25% due to specialized refrigeration and
pressure control systems. Downstream regasification, receiving terminals, and distribution
pipelines can add another 25%-35%. Using an approximate ethane energy-equivalent basis of
$2/MMBtu, total delivered costs may approach $9-$11/MMBtu. For comparison, average jet
fuel prices around $18/MMBtu (EIA 2024a) indicate potential cost advantages for ethane (EIA
2025k), though this comparison omits substantial additional costs associated with cryogenic
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storage, high-vapor-pressure handling systems, and safety requirements, which affect
competitiveness.

4.5 Cryogenic Aircraft Technologies

In this subsection we discuss cryogenic aircraft technologies. Of the cryogenic fuels discussed in
this study, LH> aircraft have seen the most development, but also require the largest adaptation
from conventional aircraft design because of the unique properties of the fuel and the potential
conversion from combustion-based propulsion to fuel cell-based propulsion. In general, the
higher volumetric energy density of LNG and LE compared to LH> will make them more
compatible with existing airframes. Although, some airframe modification is still likely for
LNG- and LE-powered aircraft considering the increased complexity of onboard storage systems
for cryogenic fuels compared to Jet A.

4.5.1 Cryogenic Hydrogen Aircraft Technologies

As of 2025, LH> aircraft are at a pre-commercial stage, with several companies aiming to
advance the technology (Federal Aviation Administration 2024; Chen et al. 2025). Personal
airplanes, regional turboprops, and regional turbofans are the primary aircraft types these
companies are exploring for LH> usage. In 2024, Joby successfully demonstrated liquid
hydrogen flight via a hydrogen-electric vertical and takeoff aircraft. In addition, Joby’s
subsidiary, H2FLY, completed test flights of its HY4 aircraft fueled by LH> and using onboard
liquid hydrogen tanks from Air Liquide (H2FLY n.d.; Joby Aviation 2024). The HY4 aircraft
has a seating capacity of four passengers and an expected range of 1,500 km (810 nautical miles)
(H2FLY 2023b). H2FLY has also announced the development of a new line of hydrogen-electric
powertrains using their proprietary fuel cell system which, will target 20-seat to 80-seat aircraft
(H2FLY 2023c). ZeroAvia is also working on personal aircraft powertrains (called ZA600), but
they plan on using compressed hydrogen as the onboard fuel instead of liquid hydrogen. Instead
of developing new airframes like H2FLY, ZeroAvia is planning to retrofit existing small
airframes (i.e., Dornier 228, Cessna 208B Grand Caravan, and DHC-6 Twin Otter) with the
ZA600 hydrogen-electric propulsion system. The retrofitted aircraft are expected to have a range
of 300 nautical miles (555 km) (ZeroAvia 2023b, 2024b).

ZeroAvia is also one of the primary innovators of hydrogen-based regional turbo-propeller
powertrains (ZA2000), but these powertrains are planned to utilize LH> on board the aircraft,
unlike their ZA600 counterpart. The primary airframes the company is aiming to retrofit with the
ZA2000 powertrain are the Dash 8, ATR42, and ATR72, such that the seating capacity is
between 40 and 80 passengers. ZeroAvia expects to certify their ZA2000 hydrogen-electric
powertrain as early as 2027 and notes the range of these aircraft will be around 700 nautical
miles (1,295 km) (ZeroAvia 2024b). In addition to ZeroAvia, Airbus is also exploring turbo-
propeller aircraft with onboard liquid hydrogen. Airbus invested in both hydrogen fuel cell and
combustion engine technologies for aircraft propulsion starting in 2020 but decided to focus their
attention on hydrogen-electric fuel cell propulsion in 2025 (Airbus n.d.). They have unveiled a
two-tank (LH>), four-engine (2 MW each) design where each electric motor engine is powered
by electricity from a hydrogen fuel cell. Airbus is preparing to have commercial fuel-cell-
powered aircraft by the second half of 2030 (Airbus 2025).
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Company announcements on turbofan aircraft development are scarcer than turboprops because
the technology is not expected to roll out until after turboprops are commercialized. However,
both Airbus and ZeroAvia have released renderings of what these aircraft could look like in both
narrow-body tube-and-wing and blended wing body airframes, along with estimated seating
capacity (Federal Aviation Administration 2024; ZeroAvia 2024b). ZeroAvia provides more
detail on their powertrain, the ZA2000RJ, than Airbus. Each ZA2000RJ powertrain is expected
to be 5 MW — 10 MW and used in retrofitted CRJ-series airframes with a seating capacity
between 100 and 200 passengers and a range of about 2,000 nautical miles. ZeroAvia estimates
the ZA2000RJ powertrain could be certified as early as 2029 (ZeroAvia 2024b). JetZero is
another company exploring turbofan hydrogen-powered flights, specifically for blended wing
body designs (Hepher 2025; JetZero n.d.).

More information on each of the propulsion system airframes proposed and/or announced by
ZeroAvia and Airbus is in Table 11. Importantly, the certification timelines represent when the
powertrain technology may receive regulatory approval, meaning that it is safe and meets all
standards to be used in flight. It does not represent when the technology is expected to be
commercially deployed in aircraft. The timeline for aircraft deployment may be well after
certification timelines listed, as powertrain developers must work to integrate their powertrains
into new or existing airframes, and aircraft owners must work with airports and regulators to
design the supporting infrastructure and procedures. JetZero is another company exploring
turbofan hydrogen-powered flights, specifically for blended wing body designs (Hepher 2025;
JetZero n.d.).

While no hydrogen combustion engines have yet been used in flight as of 2025, several engine
manufacturers are exploring direct combustion turbine designs, including Pratt & Whitney, GE
Aerospace, and Rolls-Royce (Chen et al. 2025). Notably, Rolls-Royce successfully ran ground
tests in 2023 on a Pearl 700 engine to prove the viability of hydrogen fuel combustion at
maximum takeoff thrust conditions (Rolls-Royce 2023). In general, combustion propulsion
systems are less efficient than fuel cell systems but provide advantages in power output relative
to system weight (specific power). However, most fuel cell systems tested for aircraft
applications have been operated at low temperatures. Recent investment in high-temperature fuel
cell propulsion is apparent, with this technology having both higher power density than low-
temperature fuel cells and high efficiency (Chen et al. 2025). ZeroAvia’s ZA2000 and
ZA2000RJ powertrains are expected to utilize high-temperature fuel cells (ZeroAvia 2025). Note
that for both fuel cell and combustion engine propulsion technologies, LH> fed to the system
would typically be vaporized upon entering the system to achieve desired operating efficiency.
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Table 11. ZeroAvia and Airbus Announced or Proposed Hydrogen Propulsion Systems and
Airframes.

Sources: ZeroAvia (2023b, 2024b), Vertical Flight Society (2023), Federal Aviation Administration (2024), Hardiman
(2025), Stubbins (2026)

Company Aircraft Type Fuel Seating Range Tank Capacity Announced
Supply Capacity (# (nautical Magnitude (kg Certification
of seats) miles) H2) Timeline (year)
ZeroAvia Personal aircraft (ZA  Gaseous 10-20 300 ~100 2027
600) hydrogen
(350 bar)
ZeroAvia Regional turboprop LH2 40-80 700 <1,000 Early 2030s
(ZA2000)
ZeroAvia Narrow-body turbofan LH2 100-200 2,000 >1,000 Post-2030
(ZA2000RJ)
ZeroAvia  Widebody turbofan LH: 200 3,000 ~10,000 Post-2035
(ZA10000)
ZeroAvia Blended wing body LH2 200+ 5,000 >10,000 2040
turbofan
Airbus Regional turboprop LH2 100 ~1,000 ~1,000 2035
Airbus Narrow-body turbofan LH2 200 ~2,000 >1,000 Post-2035
Airbus Blended wing body LH2 200+ 2,000+ >10,000 Post-2035

turbofan

4.5.2 Liquified Natural Gas Aircraft Technologies

The onboard storage of LNG is a serious engineering and safety challenge (Bradley and Droney
2012). LNG must be kept under constant pressure and at extremely low temperatures to keep it
in liquid state. Although Jet A is stored in large internal wing tanks, the storage of LNG in these
tanks is not possible due to both heat transfer issues and structural constraints. LNG storage will
likely require spherical or cylindrical tanks, as these shapes have a minimum surface area
relative to their volume. This design approach will reduce the entry of heat and thus reduce boil-
off (evaporation) of the liquid fuel and the requirement for large amounts of insulation material.
These tank shapes, however, do not conform to traditional aircraft structures and require
innovative placement strategies. As a result, conventional wing tanks used for jet fuel will not be
feasible, which necessitates that storage vessels be placed within the fuselage or external to the
main airframe. The various tank placements have trade-offs in aerodynamics, strength, and
accommodation for cargo/passengers. A major concern in tank placement is maintaining the
center of gravity of the aircraft within limits critical to stability in flight. Tank placement should
also maintain unobstructed access routes for passengers, personnel, and freight, especially for
boarding and during emergencies.

In terms of safety, a major concern in the event of tank rupture is that LNG rapidly vaporizes
into natural gas, which is flammable and capable of displacing air. This could create a risk of
asphyxiation in the case of internal storage. This necessitates the need for proper containment,
venting, and leak detection such that any released gas is isolated from the passenger and crew
compartments.
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One of the earliest demonstrations involving liquid methane on powered aircraft was made in
1980 using a modified Beechcraft Sundowner aircraft. This first successful demonstration paved
the way for further research into cryogenic fuels for civil and military aviation. These tests
provided important technical data on handling, storage, and performance characteristics of LNG-
based fuels under flight conditions, together with operational issues associated with cryogenic
temperatures. These demonstrations were followed by an extensive test program by the Tupolev
Tu-155, both with LH; and LNG as alternative aviation fuels (Sosounov and Orlov 1990). Initial
flights of the first Tu-155 using LH> were important as a baseline. In 1989, the aircraft was
modified further for operation on LNG. The Tu-155 program provided key insights on
combustion efficiency, range implications, and comparative advantages of LNG with respect to
hydrogen, especially with regard to fuel density, storage safety, and logistical practicality.

Several decades later, renewed academic and industrial interest in LNG emerged, particularly in
relation to advanced airframe concepts. Following the work of the MIT—Cambridge Silent
Aircraft Initiative into the design of quiet and efficient air transport systems, researchers
explored the potential integration of LNG within large blended wing body configurations
(Greitzer et al. 2010). In parallel, the Boeing Subsonic Ultra Green Aircraft Research program
included LNG among its key considerations for reducing emissions and improving the overall
energy efficiency of subsonic aviation. The program evaluated various fuel alternatives under
different propulsion and airframe design scenarios, with LNG emerging as a compelling fuel. Its
relatively low carbon content and commercial availability made it an attractive option for
medium-term deployment, especially when compared with long-term hydrogen adoption, which
requires more extensive infrastructure transformation (Bradley and Droney 2012).

4.5.3 Liquified Ethane Aircraft Technologies

During this review, we did not identify any demonstration of ethane being used as a primary fuel
in jet engines or for conventional aircraft propulsion. While ethane has been proposed in some
conceptual studies as an energy carrier for aviation by Barrett and Allroggen (2023) and has seen
limited experimental use in rocket propellant contexts, there is no evidence of it being used
operationally in commercial, military, or test flight aircraft as a fuel.
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5 Scenarios-Two Fuels at an Airport
5.1 SAF/Jet A Plus LH;

If liquid hydrogen infrastructure were to be integrated with existing Jet A or SAF infrastructure
at airports, there are several technical, operational, and safety considerations that would need to
be addressed. First, airport infrastructure planners would need to find a location where hydrogen
storage (and if applicable, hydrogen liquefaction) equipment could be placed that abides by
airport regulation and satisfies hydrogen safety codes and standards. In an ideal scenario,
cryogenic hydrogen storage would be directly adjacent to the airport apron such that an LH»-
powered aircraft could be directly fueled without needing mobile refuelers. More realistically,
LH> storage tanks may be placed adjacent to existing jet fuel storage, wherever that may be at the
airport, and may even begin to displace jet fuel or SAF storage if aviation sector hydrogen
demand scales (see Figure 49 from ZeroAvia with hypothetical LH> and gaseous H: fuel
arrangements). Figure 50, which is derived from the Hydrogen Infrastructure Analysis
Frameworks for Aviation Applications report published by NLR for the Federal Aviation
Administration, provides a glimpse at a hypothetical location where 4,500 kg of LH> storage
could be placed at an airport in Washington (Bracci et al. 2026). Note that this was a high-level,
hypothetical scenario. Detailed coordination with the specific airport would be needed to
determine the optimal site for LH» infrastructure at an airport.

Figure 49. Airport hydrogen refueling concept where aircraft refuels at a designated refueling
point close by the bulk storage tanks.

Source: Airport Compatibility of Alternative Aviation Fuels Task Force, International Industry Working Group (2025)
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Group 1 (48 ft)

| Group 2 (36 1)
Group 3 (31 ft)
Class 1 Div 2 (25 ft)

Figure 50. (a) Up-close footprint of a hypothetical 4,500-kg LH. storage tank placed on an empty
lot. (b) Zoomed-out view of the Washington airport highlighting location of current jet fuel storage
and where LH; storage could be placed. LH; storage footprint is roughly estimated in (b).

Source: Bracci et al. (2026)

In the case it is optimal to place LH> storage directly next to current jet fuel storage tanks, it is
important to consider required offset distances for LH» storage in NFPA 2 Chapter 8§ (NFPA
2026a) and required offset distances for outdoor flammable liquid storage (e.g., jet fuel) in
NFPA 30 Chapter 22 (NFPA 2024b) such that required offset distances between the LH> and jet
fuel tanks are met. These offset distances vary by storage volume. As mentioned in Section
4.3.1.2, until airport-specific LH> regulations are developed, Exposure Group 2 in NFPA 2
Chapter 8 would likely be the appropriate category to use for checking offset distances between
LH; storage and combustibles such as jet fuel.

Another important consideration when having colocated jet fuel and hydrogen storage at an
airport is how to optimize the delivery of both fuels such that traffic congestion is minimized. At
present, most airports use petroleum tanker trucks to deliver jet fuel to on-site airport fuel farms.
This is also anticipated to be how liquid hydrogen is delivered to an airport, especially before
2050 when LH> airport demands are low. Argonne National Laboratory’s HDSAM estimates
unloading LH> from a 4,000 kg LH> tanker into stationary storage tanks can take between 2 and 4
hours following typical operating procedures (Argonne National Laboratory, n.d.). Airport
operators will need to be aware of unloading times for the different fuels and the number of daily
shipments for each fuel and coordinate with fuel truck drives to minimize congestion and ensure
on-demand fuel reliability. It is worth mentioning that fuel truck delivery drivers may also have
to contend for space with mobile refuelers picking up LH> or jet fuel for aircraft dispensing. This
becomes a null point if hydrant systems are used for fuel distribution to the aircraft, especially
for jet fuel, but these systems are far from developed for LH>.

While not performed in this study, it would be worth exploring a case study in the future of how
total fuel storage footprint at an airport could change over time as LH, demand at airports grow.
Notably, LH> has a lower volumetric energy density and a different regulatory scheme than jet
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fuel. In addition, conventional aircraft running on jet fuel may not be as energy efficient as LH»-
powered aircraft, especially if the LH2-powered aircraft is operating on fuel cells. Each of these
factors will have an impact on how much space must be dedicated to fuel storage infrastructure
and whether an airport would have the necessary space to accommodate this change in aircraft
fuel mix.

When it comes to the interaction of LHz-powered and conventional aircraft on the airport apron
and how flight schedules change with both types of aircraft operating, there is still much
uncertainty. This would become clearer with regulations on whether LH; aircraft can be refueled
at existing terminals and whether passengers can be on board the aircraft during the refueling
process. If the answer to both questions is yes, it is expected that the operating procedures and
total grounded time between LH; aircraft flights would go largely unchanged compared to a
conventional aircraft. However, it is worth noting that the refueling time for an LH; aircraft
could be different than that of a comparable conventional aircraft. More likely, the answer to one
or both questions is no (as discussed in Section 4.3.1.3), which means that the time an LH>
aircraft is grounded between flights would be longer than a typical conventional aircraft and
aircraft movement patterns on the apron and flight scheduling would change with the
introduction of LH>-powered flights. In the long-term, if LH>-powered flights begin to displace a
significant share of conventional flights, it could make sense to retrofit or build new terminals
dedicated solely to hydrogen-powered flights. In this scenario, the terminal could be designed to
meet regulatory codes and standards specific to LH> usage for aviation applications still to be
developed, while minimizing down time between flights.

5.2 SAF/Jet A Plus LNG

If LNG were to be integrated withexisting Jet A or SAF infrastructure, there are a number of
technical, operational, and safety considerations that would need to be considered. To begin
with, the infrastructure planners at the airport would need to identify the most appropriate place
where the LNG storage equipment would be installed, taking into consideration the airport
infrastructure regulations, as well as the safety codes and standards for the use of cryogenic
fuels. Unlike the case where the use of SAF would be integrated with the existing jet fuel
infrastructure, the use of LNG would require the installation of dedicated cryogenic fuel tanks.
Ideally, the LNG tanks would be best placed near the existing fuel farms at the airport where Jet
A and SAF would be stored. As the demand for LNG fuel increases from the aviation sector, it is
possible that the LNG storage tanks would start to occupy the existing space where conventional
fuel is stored.

In scenarios when the LNG storage facility is close to existing jet fuel or SAF storage facilities,
the required separation distances should be considered as per the requirements of the relevant fire
and safety codes that apply to cryogenic fuels and flammable liquid storage facilities, as
mentioned in NFPA 59 (NFPA 2026b). Note that these are fire codes that apply to individual
fuel tank farms and not mixed fuels as considered in this case. These required distances may vary
depending on the storage volume and tank designs and aim to mitigate the risks of cascading
hazards among the different fuels considered. Another aspect to be considered when dealing with
the operation of the airport is the delivery and handling of the different fuels that may be used to
power the aircraft. SAF/Jet A would still continue to be delivered to the airport with methods
used today. On the other hand, it is expected that the LNG would be transported to the airports
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using cryogenic tanker trucks, especially during the initial stages of adoption with lower demand
levels. It is also important to consider the time taken to unload the LNG at the airport, as
unloading LNG can take several hours depending on the capacity of the tanker trucks used to
carry the LNG to the airport. It is also important to note that the process of fueling the aircraft
with respect to LNG compared to conventional fuels may impact the aircraft turnaround time at
the airport. In the future, if there is a larger percentage of aircraft using LNG as their energy
source, it is expected that the airport may consider developing specific areas with respect to the
fueling of the aircraft while maintaining the aircraft turnaround time at the airport.
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6 Takeaways and Conclusions

There is growing interest in the aviation industry to understand the capabilities of alternative
energy carriers. This report evaluated several potential energy carriers, reviewing their
production potential, current and future pricing, and operational considerations. Specifically, we
studied SAF, Jet X, LH», LNG, and LE. All energy carriers are impacted by broader
transportation policies that may incentivize or mandate use.

Research and commercialization to date have predominantly focused on SAF due to its
compatibility with existing infrastructure and aircraft. SAF costs more than Jet A and production
volumes are limited. Technology development and commercial scalability of multiple pathways
are necessary to increase availability and demand. Jet X research could identify alternative liquid
fuel hydrocarbon chemistries with properties that make it worthwhile to research compatibility
with existing infrastructure and aircraft. The positive attributes of any Jet X fuels would need to
be significant enough to overcome the barriers of deploying a non-drop in hydrocarbon fuel.

The three cryogenic fuels—LH>, LNG, and LE—would require alternate aircraft designs and
significant infrastructure changes to distribute these fuels to airports and aircraft. LH> has been
evaluated as an aviation fuel in past studies but there are a limited number of demonstrations.
Commercial hydrogen use for mobility applications is also sparse and is focused on the
passenger and heavy-duty (ground) vehicle markets with hydrogen stored as a pressurized gas in
on-board tanks. LH> costs are also higher than Jet A because of the increased infrastructure
complexity and may only start to approach parity with Jet A with significant investment. Natural
gas 1s an abundant domestic resource and LNG is primarily exported with limited domestic use
as a transportation fuel. LE could also serve as an aviation fuel, though production potential and
infrastructure are more limited when compared with the other energy carriers. While existing and
projected future LNG and ethane prices are lower than Jet A, implementing either as an aviation
fuel could increase costs considerably with delivery to airports and aircraft, and further analysis
is needed to demonstrate economic viability of these fuels.

Below we provide key takeaways for SAF, LH>, LNG, and LE as aviation energy carriers. Jet X
is not included due to the lack of standardization of its definition and immaturity of development.

SAF key takeaways:
1. SAF is a commercially available drop-in fuel. Once blended with Jet A, it can be used in

existing infrastructure and aircraft.

2. SAF production and consumption are growing annually but represent less than 1% of
domestic and global jet fuel consumption. Global future production potential could reach
132 billion gallons based on projected feedstock availability.

3. Biomass-based SAF is approximately 2 to 5 times the cost of Jet A, whereas PtL SAF is 5
times or more compared with Jet A. Future projections for both biomass and PtL SAF are
1.2-2.8 times the cost of Jet A.

4. Accelerated deployment of additional feedstocks and other approved and future
production pathways are necessary to meet future SAF demand.
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SAF must be produced at cost-competitive rates for SAF mandates, targets, and voluntary
market demand to be met.

Policies heavily impact all biofuels, and decisions made by various governments can
impact fuel producer decisions on plant buildouts and fuel types to produce.

Cryogenic fuel key takeaways:

LH2, LNG, LE:

1.

3.

Unlike SAF, introduction of cryogenic fuels at airports requires design, development and
deployment of new airport infrastructure for storage, distribution, and dispensing. Space
and energy requirements for these new systems must be considered before construction.

On-board cryogenic fuel storage tanks are more complex than conventional tanks with
additional design constraints that may reduce aircraft payload and range compared to
traditional aircraft of similar size.

Use of cryogenic fuels for aircraft propulsion is pre-commercial and requires new aircraft
designs, and further research and development before integration into the airport
environment.

LH»-specific:

1.

Hydrogen infrastructure development has traditionally been limited to colocated
production and end use because of the low volumetric energy density of the fuel and the
high cost for transport.

LH> consumption via aircraft results in zero direct CO; pollution, a key advantage over
jet fuel, SAF, and the other cryogenic fuels discussed. However, CO; pollution may
occur in the LH» production, transport, and dispensing stages.

Potential future demand could reach 36 billion gallons of Jet A equivalent/year for
aviation and up to 360 billion gallons of Jet A equivalent/year for all uses. Supply
constraints are not anticipated to be an issue given the number of commercial or
developing production methods.

There are several companies active in designing and developing LH>-powered aircraft but
the technology is far from commercialized.

LH; delivery and dispensing is possible via multiple supply chain pathways, each with
cost reduction potential. In the near term, low LH> demands at airports will favor a liquid
hydrogen tanker truck delivery method. If demand scales in the long term, on-site
liquefaction becomes a more viable supply option.

LH; fuel cost can become competitive with incumbent fuels in the long term, but this
requires significant investment by government and/or industry in the near term to enable
technology learning and adoption.

Further regulations and guidelines for cryogenic fuel handling and dispensing at airports
and aircraft operations are required before the technology can reach the market and
demand can scale.
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LNG-specific:

1.

LNG, which consists of mainly methane, is not a drop-in fuel and cannot be used directly
in existing aircraft engines.

LNG future potential is about 39 billion gallons of Jet A equivalent for all uses based on
current liquefaction rate of natural gas.

Waste-based RNG consumption is currently used in medium- and heavy-duty vehicle
applications. There is a significant opportunity to grow RNG production which could
serve as a feedstock for LNG production.

LNG offers higher gravimetric energy but lower volumetric energy than Jet A.

LNG’s variable composition and storage challenges demand careful monitoring and new
fueling protocols for aviation safety.

LNG offers the potential for lower emissions of CO, NOx, SOy, and soot, but widespread
adoption for commercial purposes faces major barriers, including aircraft and
infrastructure redesign; safety and certification challenges; and methane leakage
concerns.

Use as aviation fuel demands stringent safety protocols at airports; specialized training
for ground personnel; and robust infrastructure to mitigate risks such as flammability,
explosions, cryogenic hazards, asphyxiation, and spills.

LE-specific:

1.

LE offers combustion with reduced emissions of CO2, NOx, SOx, and sootand slightly
higher energy density than LNG. Like LNG, LE is also not a drop-in fuel.

Adoption of LE as aviation fuel requires extensive changes to fuel distribution systems
and considerations for safety and airport operations.

LE’s adoption as aviation fuel is limited by supply and infrastructure, as it is currently
used only in the petrochemical sector—unlike LNG, which is used as fuel in the marine
sector and as compressed natural gas in the automotive sector.

Incorporating LE in the aviation sector would introduce significant safety challenges,
necessitating focused research on aircraft integration, engine adaptation, and safe
handling.

Each of the evaluated aviation energy carriers present opportunities and barriers to
deployment. SAF has the advantage of compatibility with existing aircraft and infrastructure
but the challenge of availability and cost that research must address. The cryogenic fuels can
be produced from abundant available resources but require significant investment for
development of aircraft and infrastructure to fully understand benefits and costs.
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Appendix Conversions and Supplemental Data

Table A-1. Conversions

UNITS

1 kilogram hydrogen 0.9 gallons Jet A energy equivalent
1 kilogram hydrogen 33.33 kWh

1 m2 10.76 ft2

1 million metric ton per year (MMT/yr) 2740 metric ton per day (MTPD)

1 metric ton 1000 kg

1 nautical mile 1.85 kilometer

1 gallon Jet A 39.56 kWh

1 barrel of Jet A 42 gallons

1 metric ton of Jet A 330.25 gallons

1 gallon of ethanol 0.66 gallons of Jet A

1 gallon of Jet A (LHV 124,835 Btu/gallon) 1.635 gallons of ethanol (LHV 76,330 Btu/gallon
1 MMBtu 0.0034kWh

1 MMBtu 0.135 gallons Jet A

1 cubic feet of LNG 0.0076 gallons Jet A

1 barrel of LE 20.6 gallons of Jet A

1MTpd 1 metric ton per day

1MTPa 1 million tonnes per annum

1 MMBtu 12.1 billion gallons LNG
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Table A-2. Composition of LNG on Mole Basis From Various Countries.
Source: Marcogaz (2024)

. Iso- n- Iso-
Country Nitrogen Methane Ethane Propane Butane Butane Pentane
Algeria 0.006 0.899 0.084 0.010 0.001 0.001 0.001
Angola 0.000 0.911 0.082 0.006 0.000 0.000 0.000
Cameroon 0.002 0.937 0.037 0.019 0.002 0.003 0.000
Egypt 0.000 0.969 0.021 0.006 0.002 0.001 0.000
Equatorial Guinea  0.000 0.936 0.062 0.002 0.000 0.000 0.000
Indonesia 0.000 0.950 0.027 0.017 0.003 0.003 0.000
Mozambique 0.003 0.929 0.067 0.001 0.000 0.000 0.000
Nigeria 0.000 0.909 0.060 0.023 0.004 0.003 0.000
Norway 0.005 0.924 0.053 0.014 0.001 0.003 0.000
Oman 0.001 0.904 0.059 0.022 0.007 0.007 0.000
Peru 0.003 0.903 0.093 0.001 0.000 0.000 0.000
Qatar 0.003 0.930 0.063 0.003 0.000 0.001 0.000
Russia 0.002 0.958 0.031 0.005 0.002 0.002 0.000
Trinidad & Tobago 0.000 0.985 0.012 0.003 0.000 0.000 0.000
UAE 0.004 0.878 0.096 0.018 0.002 0.001 0.000
USA 0.001 0.965 0.032 0.002 0.000 0.000 0.000
Table A-3. Description of LNG Price Outlook Scenarios.
Source: EIA (2023e)
Case Description
EIA assume that up to three natural gas liquefaction trains, each with 200-Bcf capacity, are built
each year (a maximum of 600 Bcf of LNG capacity). This constraint on new capacity represents our
assessment of the logistical challenges in building such large, complex facilities. EIA assume that
Reference world natural gas prices start at their recent historical ratio to the world oil price. Over time, the
price of LNG becomes less tied to the world oil price as the ratio of flexibly priced LNG to the
representative regional net natural gas demand increases relative to its base year level. The ratio
reflects the tightness or looseness of the world LNG market pushing or pulling, respectively, world
natural gas prices toward or away from the world oil price.
High LNG This case assumes that LNG prices in Europe and Asia are higher by an average of nearly 25%
Price relative to the Reference case in 2050.
Low LNG This case assumes that LNG prices in Europe and Asia are lower by an average of nearly 20%
Price relative to the Reference case in 2050.
Fast Builds In this case, EIA use the same higher price assumptions from the High LNG Price case, but EIA
Plus High also assume four natural gas liquefaction trains, each with 200-Bcf capacity, can be built each year
LNG Price  (a maximum of 800 Bcf of LNG capacity), a level that likely remains technically feasible.
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Figure A-1. Scenarios showing estimates of potential hydrogen demand in key sectors assuming
hydrogen is available at the corresponding threshold price.

Source: DOE (2023a)
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