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Chapter 1

Introduction and Global Context of
SAF

Sustainable Aviation Fuel as a cornerstone of aviation decarbonization — definitions,
history, policy, markets and the value chain that connects feedstock to flight, explained
from first principles and illustrated with worked examples

1.1 Introduction

Sustainable Aviation Fuel — almost always abbreviated to SAF — has become the single most
important lever in the aviation industry's effort to reduce its greenhouse-gas emissions. This opening
chapter introduces SAF from first principles. It assumes no prior knowledge: every term is defined as
it is introduced, every acronym is spelled out on first use, and the more intricate mechanisms — above
all the carbon-market and CORSIA (Carbon Offsetting and Reduction Scheme for International
Aviation) machinery that newcomers find hardest to follow — are explained step by step and then
illustrated with fully worked numerical examples. By the end of the chapter a reader new to the field
should be able to explain what SAF is, why it matters, how the principal policies work, and how to
size SAF demand for a region; a reader already working in the field will find the most recent
regulatory and market data, verified through the first quarter of 2026, consolidated into a single
reference frame.

The chapter is deliberately structured to build understanding in layers. We begin with definitions and
the decarbonization rationale (Sections 1.1 and 1.2), then trace the historical evolution of alternative
aviation fuels and the lessons of earlier biofuel programs (Section 1.3). We then move from the broad
international climate framework (Section 1.4) to the specific regulatory instruments a SAF project
actually interacts with — CORSIA, the EU Emissions Trading System, ReFuelEU Aviation and the
ASTM fuel standards (Section 1.5) — before comparing the EU, US and UK approaches (Section 1.6).
The second half of the chapter turns to markets and execution: projected demand to 2050 (Section
1.7), the value chain from feedstock to flight (Section 1.8), the metrics used to assess SAF (Section
1.9), a practical demand calculation (Section 1.10) and a critical discussion of the open strategic
questions (Section 1.11).

Throughout, the emphasis is on understanding mechanisms rather than memorising figures. Numbers
change from year to year, but the logic of how an offsetting obligation is calculated, or how a carbon-
intensity value translates into a compliance credit, is durable. Where a number is given, its source is
cited so the reader can check the current value; where a mechanism is explained, a worked example
shows the arithmetic so the reader can reproduce it for their own case. Subsequent chapters build on
this foundation: Chapter 2 covers the feedstock geography and geopolitics that determine where SAF
can be produced; Chapter 3 sets out the chemistry of the certified production pathways; Chapter 4
examines integration with adjacent technologies and sectors; Chapter 5 walks the project lifecycle
from concept to operating asset; Chapter 6 translates that lifecycle into investable economics; and
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Chapters 7 to 10 cover financing, the competitive landscape, stakeholder management and
international business development.

This chapter is written to be read in two ways. Read start to finish, it is a guided tour of the SAF
landscape that builds each idea progressively. Used as a reference, each section stands largely on its
own, so a reader who needs only the CORSIA mechanics, or only the comparison of national policies,
or only the demand outlook, can turn directly to the relevant section and find it self-contained, with
cross-references to the others where they connect. The worked examples are set off in callouts so
they can be found and followed easily, and the figures are designed to carry the key quantitative
points at a glance. Wherever a figure or a calculation appears, the underlying logic is also given in
words, so that the reasoning does not depend on the reader's comfort with arithmetic. The aim
throughout is that a motivated newcomer should be able to follow every step, while a specialist
should find the data current and the treatment precise.

A short vocabulary for the chapter

Because the rest of the chapter uses a handful of terms repeatedly, it is worth fixing their meanings at
the outset so that later sections read smoothly. A feedstock is the raw material a fuel is made from —
used cooking oil, agricultural residue, captured CO, and so on. A pathway is the chemical process that
converts a feedstock into fuel; there are several certified pathways, each suited to particular
feedstocks, and Chapter 3 treats them in detail. A drop-in fuel is one that substitutes conventional
fuel with no change to engines or infrastructure. A blend is a mixture of SAF and fossil jet, expressed
as the SAF percentage; today most pathways are certified for blends up to 50 percent (IATA, 2024b).
Lifecycle carbon intensity (Cl) is the total greenhouse-gas emission per unit of fuel energy, measured
across the whole supply chain and expressed in grams of CO,-equivalent per megajoule. The standard
boundary for that chain is Well-to-Wake (WtW) — from the extraction or collection of the feedstock
(the "well") through processing, conversion and transport, all the way to combustion in the aircraft
engine (the "wake"). An offset or emissions unit is a tradable certificate representing one tonne of
CO, reduced elsewhere, used to compensate for emissions rather than to reduce them at source. A
mandate is a legal requirement to supply a minimum share of SAF, while an incentive or production
credit is a payment that rewards making it. With these nine terms in hand — feedstock, pathway,
drop-in, blend, lifecycle Cl, Well-to-Wake (WtW), offset, mandate and incentive — the reader has the
working vocabulary the chapter depends on; each is developed more fully where it first becomes
important.

1.2 The role of SAF in global decarbonization strategies

To understand why SAF matters, it helps to start with the problem it is meant to solve. Aviation is
what economists and engineers call a hard-to-abate sector — an industry whose emissions are
unusually difficult to eliminate with existing technology. Three facts explain why. First, flight demands
an enormous amount of energy packed into very little weight and volume, which only liquid
hydrocarbon fuels currently provide. Second, the global fleet of roughly 35,550 commercial aircraft
(IATA, 2025) has a service life of 25 to 30 years, so most of the airplanes that will be flying in 2050
are already built and cannot simply be replaced. Third, aviation fuel must meet exceptionally strict
safety and performance specifications, which rules out casual substitution. Together these facts mean
that, unlike cars — which can switch to electricity — aircraft have no easy escape from liquid fuel.
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Sustainable Aviation Fuel is the response to this constraint. In plain terms, SAF is a jet fuel made from
something other than crude oil that performs identically to conventional jet kerosene but carries a
much smaller carbon footprint over its lifecycle. It can be produced from a wide range of starting
materials: animal fats and waste oils such as used cooking oil and animal tallow; agricultural and
forestry residues; municipal solid waste; purpose-grown energy crops; and — in the most advanced
pathway — captured carbon dioxide combined with hydrogen made from renewable electricity.
Whatever the source, the defining property is the same: SAF lowers the lifecycle carbon intensity of
aviation fuel while meeting the same technical specification as the fossil fuel it replaces.

Aviation's emissions and why they keep rising

Aviation accounts for roughly 2 to 3 percent of global carbon-dioxide emissions, and a somewhat
larger share — perhaps 3 to 4 percent — of total human-caused climate warming once the non-CO,
effects of flight are included, such as the contrails and the nitrogen oxides emitted at altitude (IATA,
2024; ICAO, 2024). That share may sound modest, but two features make it strategically important.
First, it is concentrated: a small number of long-haul flights generate a disproportionate share of the
total, and these are precisely the flights for which no alternative to liquid fuel exists. Second, it is
growing. Passenger demand is projected to roughly double between the mid-2020s and 2050, and
even after accounting for the steady efficiency gains delivered by newer aircraft, the sector's fuel
demand — and therefore its emissions — rises on any business-as-usual path. Aviation is thus one of
the largest remaining sources of fossil-fuel demand in any credible route to a net-zero economy.

It is worth being precise about what makes a fuel a drop-in fuel, because this property is central to
SAF's entire deployment strategy. A drop-in fuel is one that can substitute conventional fuel with no
modifications to engines, aircraft, or fuelling infrastructure. Once SAF is certified and blended within
approved limits, it meets the same chemical and physical specifications as fossil jet fuel — with energy
content, freeze point, flash point, density, and viscosity all falling within the acceptable ranges
defined by ASTM D1655. It can travel through the same pipelines, sit in the same storage tanks, pass
through the same airport hydrant systems and burn in the same engines. This is why SAF can
decarbonize the existing fleet incrementally, today, without waiting for new aircraft or new airport
infrastructure — a decisive practical advantage over hydrogen or battery propulsion, which would
require both.

The physics behind aviation's hard-to-abate status is worth making explicit, because it is the bedrock
fact on which the whole SAF rationale rests. An aircraft must lift its own energy supply into the air
and carry it for the duration of the flight, so the energy it uses must be stored with extraordinary
density — both per kilogram, because weight must be lifted, and per liter, because volume is limited
by the airframe. Jet fuel stores about 43 megajoules in every kilogram (IATA, 2022), a figure that no
battery approaches and that even hydrogen matches only by mass and not by volume. Road transport
faces no comparable constraint: a car can carry a heavy battery because it never leaves the ground,
and it can stop to recharge. An aircraft can do neither, which is why electrification has transformed
road transport while leaving aviation almost untouched. This asymmetry is the reason SAF exists as a
category: if aviation could plausibly electrify, there would be little need for a drop-in liquid fuel,
because it cannot, a liquid fuel that happens to be low-carbon is the only way to decarbonize most of
the sector for the foreseeable future. Every subsequent argument in this chapter — the central role of
SAF in the net-zero roadmap, the heavy policy support, the scramble for feedstock — follows from
this single physical fact.
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Definition of SAF and how it differs from conventional jet fuel

A precise definition helps separate SAF from neighboring concepts. The Air Transport Action Group
defines SAF as a non-fossil-derived aviation fuel that achieves a meaningful reduction in lifecycle
greenhouse-gas emissions relative to conventional jet fuel (ATAG, 2023). Different policy regimes
then attach specific numerical thresholds to the word "meaningful". Under ICAQO's CORSIA
framework, an eligible SAF must demonstrate at least a 10 percent reduction in lifecycle emissions,
must avoid feedstocks associated with high deforestation risk, and must be verified by an
independent third party (ICAO, 2024). The European Union's ReFuelEU Aviation regulation defines
SAF more broadly, encompassing both advanced biofuels made from the residues and wastes listed in
the Renewable Energy Directive and synthetic "e-fuels" made from renewable hydrogen and
captured CO,, each with its own sustainability and carbon-intensity criteria (European Commission,
2023a).

SAF differs from conventional Jet A or Jet A-1 kerosene in two fundamental ways, and it is important
to be clear that the difference is in the origin of the carbon, not in the molecule that reaches the
engine. The first difference is the carbon source. Fossil jet fuel is refined from petroleum, releasing
carbon that was locked away in geological reservoirs over millions of years and thereby adding
genuinely new carbon to the atmosphere. SAF, by contrast, is built from carbon that was in the
atmosphere recently — captured by plants through photosynthesis, or pulled directly from the air —
so that burning it merely returns carbon that was so recently removed, closing a short loop rather
than opening a new one. The second difference is the lifecycle carbon intensity, the metric that
quantifies this advantage. Well-designed SAF pathways achieve lifecycle CO, reductions of roughly
40 to 95 percent relative to fossil jet, with the exact figure depending on the feedstock, the
production process, the energy used in conversion and the boundary choices made in the analysis. In
select cases lifecycle emissions can turn net negative, meaning more CO, is effectively removed from
the atmosphere than is released.

It is equally important to be clear about what SAF is not, because misunderstandings on this point are
common. SAF is not a physically different substance from fossil jet at the molecular level: many SAF
molecules are indistinguishable from their petroleum equivalents, the same paraffins and iso-paraffins
in roughly the same distribution. SAF does not eliminate the CO, that comes out of the engine: when
burned, a liter of SAF emits almost exactly as much CO, at the exhaust as a liter of fossil jet. The
climate benefit comes entirely from the upstream side of the fuel chain — from sourcing the carbon
sustainably rather than from a fossil reservoir. And SAF is not, in general, zero-carbon: most pathways
have lifecycle emissions of roughly 5 to 35 grams of CO,-equivalent per megajoule against a fossil
baseline of about 89, a large reduction but rarely a complete one. Section 1.9 returns to this carbon-
intensity metric in detail, because it is the number on which almost every SAF policy and incentive
ultimately turns.

One more idea must be introduced before the rest of the chapter can proceed, because it qualifies
everything said so far: not all SAF is equally sustainable, and the policies that reward SAF do so only
when it meets defined sustainability criteria. The word "sustainable" in Sustainable Aviation Fuel is
not a marketing flourish but a regulated condition. Every major framework — CORSIA, the EU's
Renewable Energy Directive, the various national schemes — attaches criteria that a fuel must satisfy
to count: a minimum lifecycle emissions reduction, limits or exclusions on feedstocks that drive
deforestation or compete with food, protections for water and biodiversity, and independent
verification of the whole chain. A fuel that reduces lifecycle CO, but is made from a feedstock grown
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on cleared rainforest is not sustainable in this regulated sense and earns no credit. These criteria exist
precisely because of the first-generation biofuel failures discussed in Section 1.3, and they are the
reason the industry invests so heavily in the certification and verification machinery described later in
the chapter. Throughout this book, then, "SAF" should be read to mean fuel that meets these
sustainability conditions, not merely any non-fossil jet fuel, because it is only such fuel that the
policies reward and that the climate case depends on.

Why SAF carries the heaviest load in the net-zero roadmap

The aviation industry has committed formally to net-zero carbon emissions by 2050. The
International Air Transport Association, which represents some 320 airlines carrying the large
majority of world air traffic, adopted that commitment at its Annual General Meeting in October
2021 (IATA, 2021), and ICAQO's member states endorsed a matching long-term goal for international
aviation at the Organization's 41st Assembly in 2022 (ICAO, 2022). Reaching net zero requires a
portfolio of measures rather than any single solution. IATA's roadmap decomposes the task into four
levers: efficiency and operational improvements; new aircraft technologies including hydrogen and
electric propulsion; SAF deployment; and out-of-sector measures such as carbon offsets and carbon
capture. Of these, SAF is projected to deliver by far the largest share — roughly two-thirds of the
cumulative CO, reduction to 2050 in the central scenario, with the other three levers sharing the
remainder (Figure 1.1).

How aviation reaches net zero by 2050

Share of cumulative CO, abatement by lever (IATA Fly Net Zero scenario)

100 -

B SAF — 65%

mmm New technology (H,/electric) — 13%

mmm  Efficiency & operations — 3%
Offsets & carbon capture — 19%

80 -

60 -

40 -

20 -

Share of required CO, abatement (%)

2025 2030 2035 2040 2045 2050

Figure 1.1 Share of cumulative CO, abatement by lever, 2024-2050. SAF is expected to deliver roughly two-thirds of the total.
Based on IATA Fly Net Zero scenario (IATA, 2024)

Why does SAF carry so much of the burden? Four reasons stand out, and each is really an argument
about scope and readiness. The first is the size of the addressable market: SAF works in virtually the
entire commercial fleet across all flight ranges, whereas battery and hydrogen aircraft, even on
optimistic assumptions, address only specific short- and medium-haul segments. The second is
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technological readiness: SAF is in commercial production today, whereas hydrogen and battery
aircraft remain at the demonstration and development stages. The third is fleet compatibility: because
aircraft last 25 to 30 years, most of the 2050 fleet already exists, and SAF works with those aircraft
while alternative technologies require entirely new platforms. The fourth is infrastructure inertia: SAF
uses the existing fuel-supply system, whereas replacing that system would demand vast new
investment in airport storage, handling and on-aircraft equipment. In combination, these four factors
make SAF not merely one option among several but the load-bearing pillar of the entire
decarbonisation strategy.

That central role translates into demanding near-term obligations, which the rest of this chapter
unpacks. ICAO's CORSIA scheme requires airlines to offset the growth in their international
emissions above a defined baseline. The EU's ReFuelEU Aviation regulation mandates a rising
minimum SAF share in fuel supplied at EU airports — 2 percent in 2025, climbing to 6 percent by
2030, 20 percent by 2035 and 70 percent by 2050, with a dedicated synthetic-fuel sub-target. The
United Kingdom's SAF Mandate sets a comparable trajectory, and the United States supports SAF
through production tax credits and fuel standards rather than a mandate. The common feature is that
all these instruments require SAF volumes far beyond what exists today — which is the central
challenge the industry must now overcome.

The scale of the implied build-out is worth pausing on, because abstract percentages can disguise an
extraordinary industrial challenge. SAF supplies roughly half a percent of jet fuel today (IATA, 2024a);
the 2050 commitments imply it must supply somewhere between sixty and seventy percent. That is a
more than hundred-fold expansion of a nascent industry in a quarter of a century, requiring hundreds
of new production facilities, vast new feedstock supply chains, and the maturation of pathways that
are barely commercial today. Few industrial transitions in history have moved so far so fast. The
interim targets make the near-term portion of this journey concrete and unforgiving: the EU's 6
percent by 2030 and the UK's 10 percent are not distant aspirations but obligations that fall within
the planning horizon of plants that must reach final investment decision within the next few years.
This is why the chapters that follow dwell so heavily on execution — feedstock, technology,
construction, finance — because the gap between today's half a percent and tomorrow's two-thirds is
not a matter of intention but of building, financing and operating physical assets at a pace the
industry has never before attempted.

AVIATION'S 2050 NET-ZERO ARCHITECTURE

SAF is projected to deliver 65% of aviation's cumulative CO, abatement to 2050 in IATA's Fly Net
Zero scenario.

The remaining 35% comes from new technologies including hydrogen and electric aircraft (13%),
offsets and carbon capture (19%), and efficiency and operations improvements (3%).

No single lever delivers net zero alone — but the whole architecture depends on SAF scaling from
roughly 0.5% of global jet fuel today to 65% by 2050.

That is a more than hundred-fold expansion in twenty-five years, which is why every policy, financing
and engineering decision in this book ultimately serves the goal of building SAF capacity.
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The cost gap and why it must be closed by policy

The single hardest fact about SAF, and the one that explains why policy looms so large in this chapter,
is that SAF costs substantially more to produce than the fossil fuel it replaces. So a liter of SAF is,
very roughly, two to five times the price of the liter of fossil jet it displaces. Because jet fuel is a large
share of an airline's costs and the industry runs on thin margins, no airline will voluntarily pay this
premium at scale, and no producer will build a plant without confidence that someone will. This is the
cost gap, and bridging it is the central economic problem of the entire SAF enterprise.

There are only three ways to close the gap, and every policy instrument in this chapter is a version of
one of them. The first is to make fossil jet more expensive, by pricing its carbon — the role of the EU
ETS and, indirectly, CORSIA. The second is to require SAF use regardless of price and spread the
extra cost across all tickets — the role of the ReFuelEU and UK mandates. The third is to pay
producers directly to make SAF cheaper — the role of the US 457 credit, the LCFS and the UK
Revenue Certainty Mechanism. Most mature markets combine all three, and the reason is that each
addresses a different party: carbon pricing disciplines the incumbent fuel, mandates guarantee the
market, and production credits de-risk the first plants. The chapters that follow return again and again
to this triangle, because a SAF project's viability is, in the end, a question of how much of the cost gap
the local policy mix can close and how durably it will do so. The gap is also expected to narrow over
time as technologies learn and scale — Chapter 6 quantifies the trajectory — but for the projects
being built today, policy is what makes the difference between bankable and not.

SAF and the UN Sustainable Development Goals

SAF is increasingly framed not only as a climate measure but as a development opportunity, because
its deployment touches several of the United Nations Sustainable Development Goals (SDGs). The
connection is more than rhetorical: development banks, green-finance programs and corporate
buyers increasingly condition their support on demonstrated SDG alignment, so the linkages have
direct commercial consequences. Figure 1.2 maps the six most important connections.

-10 -
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How SAF connects to the UN Sustainable Development Goals

Six primary linkages — from clean energy and jobs to climate action and land

SDG 8
SDG7 Decent work & SDG 9

Affordable & growth Industry &
clean energy infrastructure

SDG 12 SDG 15
Responsible SDG 13 Life on
production Climate land

action

Figure 1.2 How SAF connects to the UN Sustainable Development Goals — six primary linkages.

The connections run as follows. SDG 7 (affordable and clean energy) is served because SAF —
especially the power-to-liquid variety made from renewable electricity — converts clean power into a
storable, high-value energy carrier suitable for long-distance transport, diversifying energy supply
away from fossil resources. SDG 8 (decent work and economic growth) is advanced because scaling
SAF creates employment across feedstock collection, biorefinery operations and renewable-energy
generation, much of it in rural regions outside traditional petroleum centres. SDG 9 (industry,
innovation and infrastructure) benefits from the heavy investment in biorefining, hydrogen
production and carbon capture that SAF requires. SDG 12 (responsible consumption and production)
is supported wherever SAF turns waste into resource — used cooking oil into jet fuel, municipal waste
into energy — embodying circular-economy principles. SDG 13 (climate action) is the primary
motivation, the lifecycle reductions of 60 to 95 percent directly supporting the Paris Agreement. And
SDG 15 (life on land) is a double-edged linkage: done well, with residues and wastes, SAF protects
land; done poorly, with land-hungry crops, it can drive deforestation and biodiversity loss, which is
exactly why the sustainability frameworks examined later in this chapter exclude high-risk feedstocks.

The non-CO, effects — why aviation's warming exceeds its CO,

A complication that newcomers often miss is that carbon dioxide is not the whole of aviation's
climate impact. Burning jet fuel at altitude also produces water vapour, nitrogen oxides and soot
particles, and under certain atmospheric conditions these trigger the formation of condensation trails
— contrails — that can spread into thin cirrus clouds and trap outgoing heat. The best current
estimates suggest that these non-CO, effects, taken together, roughly double aviation's warming
contribution relative to its CO, alone (Lee et al., 2021), which is why the sector's share of global CO,
(about 2 to 3 percent) understates its share of warming (perhaps 3 to 4 percent). The non-CO, effects
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are more uncertain and shorter-lived than CO,, but they are real, and they have two implications for
SAF that are worth flagging now and developing in Chapter 3.

First, SAF can reduce some non-CO, effects directly. Because most SAF contains fewer aromatic
compounds than fossil jet, it burns more cleanly and produces fewer soot particles, and soot particles
are the seeds around which contrail ice crystals form. Several flight experiments — including DLR's
ECLIF2 and the joint NASA/DLR NASCENT study — have measured substantially fewer and shorter-
lived contrails from SAF blends, suggesting a non-CO, benefit on top of the lifecycle-CO, benefit
(Voigt et al., 2021; Schripp et al., 2022). Second, none of the policy instruments examined in this
chapter yet prices the non-CO, effects, because the science is not settled enough to support a robust
accounting rule; CORSIA, the EU ETS and ReFuelEU all regulate CO, only. This means the metrics and
worked examples in this chapter, which follow the regulatory convention of counting CO,, capture
the part of aviation's climate impact that policy currently rewards reducing, while the additional non-
CO, benefit of SAF remains an unpriced bonus. Readers should keep this asymmetry in mind: SAF's
true climate value is probably somewhat greater than its CO, accounting alone implies.

1.3 Historical development of alternative aviation fuels

The history of alternative aviation fuels reaches back further than most readers expect and
understanding it pays a practical dividend: it explains where today's production pathways came from,
why the certification framework looks the way it does, and which mistakes the industry is consciously
trying not to repeat. Long before commercial SAF entered the regulatory frame, military and research
programs were experimenting with non-petroleum jet fuels, and the engineering knowledge those
programs generated underpins the commercial industry that exists today. Figure 1.3 marks the
principal milestones from the first demonstration flights through to the mandate-and-market
framework of 2025-26.

Milestones in alternative aviation fuels, 2008-2026
From a single demonstration flight to a global mandate-and-market framework

First biofuel CORSIA pilot

. First passenger . ReFuelEU & UK
demo flight HEFA flights begins mandates live
2009 2016 2024
[ ( [ L L [ L
2008 2011 2021 2025
ASTM D7566 CORSIA ReFuelEU agreed,; Full EU-ETS
published adopted CORSIA Phase 1 auctioning

Figure 1.3 Milestones in alternative aviation fuels, 2008-2026 — from a single demonstration flight to a global framework.
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Early demonstrations and the birth of a fuel standard

The first biofuel flight in a commercial aircraft took place in February 2008, when Virgin Atlantic flew
a Boeing 747 from London to Amsterdam with one engine running on a 20 percent blend of fuel
derived from coconut and babassu oils (Virgin Atlantic, 2008). The flight proved a point of principle
rather than a path to scale — the feedstock was unsuitable for mass production and the fuel was fed
to a single engine rather than blended through the system — but it demonstrated that an alternative
fuel could be burned safely in a commercial engine. A wave of demonstrations followed over the next
three years: Air New Zealand with jatropha oil, Continental and Japan Airlines with algae and
camelina, KLM operated the first commercial passenger flight on a 50 percent biofuel blend in
September 2011, flying Amsterdam-Paris on fuel derived from used cooking oil; Lufthansa followed
the same year with a six-month scheduled service on Hamburg-Frankfurt using a 50 percent blend of
hydrotreated animal fats and plant oils. By 2014, dozens of airlines had flown hundreds of feedstock-
and-pathway combinations (IATA, 2024; CAAFI, 2024).

These demonstrations established two facts that shaped everything afterwards. The first was that
properly upgraded biofuels could meet jet-fuel performance specifications and operate reliably in
unmodified engines. The second was that the existing fuel specification — ASTM D1655, which
governs conventional jet fuel — was never designed for synthesised hydrocarbons, so a new standard
was needed. ASTM International responded by publishing ASTM D7566, the Standard Specification
for Aviation Turbine Fuel Containing Synthesised Hydrocarbons, in 2009. D7566 is the document
that certifies new SAF production pathways for use up to defined blending limits, and it is structured
as a series of annexes, each covering one pathway. We return to its mechanics in Section 1.5; for now
the point is historical: the certification framework that governs the entire industry was created in
direct response to those early demonstration flights.

Military aviation was an important early driver, even though none of its programs scaled to
operational deployment. The United States Air Force tested synthetic and biofuel blends extensively
through the 2010s; a B-52 became the first aircraft to fly entirely on a synthetic Fischer-Tropsch fuel
as early as 2007; and the US Navy's "Great Green Fleet" demonstration in 2016 ran a carrier strike
group partly on biofuel. The value of these programs lay not in the volumes they consumed but in the
engineering evidence and the certification data they generated, which de-risked the commercial
industry's growth in the 2020s.

It is worth appreciating how much engineering uncertainty those early demonstration flights resolved,
because their success is now taken for granted. In 2008 it was not obvious that a fuel synthesised
from plant oil would behave like petroleum kerosene across the full range of conditions a jet engine
imposes — the sub-freezing temperatures of cruise altitude, the high temperatures of combustion, the
demands placed on seals, pumps and fuel controls. Each demonstration flight was, in effect, a
controlled experiment that added data to the case that synthetic and bio-derived hydrocarbons could
meet the specification. By the time ASTM approved the HEFA pathway for routine commercial use in
2011, that case rested on hundreds of test flights and laboratory programs accumulated over the
preceding years. The lesson for today's frontier pathways — power-to-liquid above all — is that
certification is evidence-driven and therefore time-consuming, and that the demonstration flights
now being flown on synthetic e-fuels are the direct descendants of those first biofuel flights, building
the same kind of evidence base for the next generation of fuels.
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How feedstocks evolved — four generations

The clearest way to understand the technological history is to follow the feedstocks, because each
successive wave of development was defined by the materials it used and by the sustainability
problems it was trying to solve. The progression runs through four generations, and Table 1.1
summarises them. The two trends visible across the generations are a steady increase in sustainability
rigor — each generation answers a concern raised by its predecessor — and a steady increase in
technical complexity, as each generation moves further from established industrial practice.

Typical feedStOCks Strength

Food crops: corn, soybean, palm Proved the chemistry; readily (CompeiEas vt (foseh G

First . . drive land-use change or

oil available .

degradation

Wastes & residues: used cooking  Very low carbon intensity; diverts Globally limited supply;
Second .

oil, tallow waste cannot meet full demand
Third Cellulosic & municipal solid waste e 'potentlal I 5 LT EI1: Fjomp!ex, capltal-'

material intensive conversion

Captured CO, + renewable Near-unlimited scale; lowest Currently the most
Fourth . . .

hydrogen (e-SAF) carbon intensity expensive pathway

Table 1.1 The four generations of SAF feedstocks. The chemistry of each pathway is developed in Chapter 3.

First-generation feedstocks — corn for ethanol, soybean and palm oil for biodiesel — provided the
foundational chemistry but came with serious sustainability concerns, because they compete directly
with food and, in the case of palm oil, drove substantial tropical deforestation. Second-generation
feedstocks responded by turning to wastes and residues: used cooking oil and animal fats are by-
products of the food system rather than purpose-grown crops, so their lifecycle carbon intensity is
very low and their use diverts waste from disposal. Their drawback is supply: the world produces only
a bounded quantity of waste oil, and analyses consistently find it could meet at most a low single-
digit percentage of aviation's fuel demand (IEA Bioenergy, 2024).

Third-generation feedstocks expand the resource base dramatically by using cellulosic and
lignocellulosic materials — agricultural residues such as corn stover and wheat straw, forestry
residues, energy crops grown on marginal land, and municipal solid waste. These offer far greater
potential scale than waste oils, but they require more complex and capital-intensive conversion
technologies such as gasification followed by Fischer-Tropsch synthesis. The first commercial plants
of this kind are reaching financial close in the mid-2020s. Fourth-generation feedstocks abandon
biology altogether: Power-to-Liquid (PtL) fuels combine hydrogen, made by splitting water with
renewable electricity, with carbon dioxide captured from industrial point sources or directly from the
air, and synthesize hydrocarbons from the two. PtL is in principle the most scalable pathway of all —
limited only by the availability of clean electricity and CO, — but it is currently the most expensive,
and only first-of-a-kind demonstration plants are operating today. The overall trajectory, then, is
toward feedstocks that are more sustainable in principle but harder and costlier to deploy in practice,
which is precisely why policy support is needed to bridge the gap. Chapter 2 maps where each
feedstock is concentrated geographically; Chapter 3 details the conversion chemistry.
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The eight certified pathways and their blending limits

The annex structure of ASTM D7566 is worth seeing in full, because it determines which pathways a
project can use and at what blend. Each annex corresponds to a production route and sets a
maximum proportion at which the resulting fuel may be blended into fossil jet; the blend limit matters
commercially because it caps the share of each liter that can earn SAF revenue. Table 1.2 lists the
eight annexes as they stood in 2025. Two features stand out: the most established pathways —
Fischer-Tropsch and HEFA — carry the highest 50 percent limit and dominate today's market, while
several newer pathways are capped at 10 percent until further engine data supports a higher
allowance. Raising these limits toward 100 percent, so that aircraft can one day fly on neat SAF, is an
active area of testing, and several airlines have flown demonstration flights on 100 percent SAF in
one engine to gather the necessary evidence.

Fischer-Tropsch SPK Biomass, MSW, gas 50%
A2 HEFA-SPK Waste oils, fats 50%
A3 Synthesised iso-paraffins (SIP) Sugars 10%
A4 FT-SPK with aromatics Biomass, MSW 50%
A5 Alcohol-to-jet (ATJ-SPK) Ethanol, isobutanol 50%
A6 Catalytic hydrothermolysis (CHJ) Waste oils 50%
A7 HC-HEFA-SPK Algae oils 10%
A8 ATJ-SKA Ethanol 50%

Table 1.2 The eight certified SAF pathways under ASTM D7566 and their approved blending limits (2025). Chapter 3 details the
chemistry of each.

It is worth dwelling on why blend limits exist at all, since they puzzle people who expect a drop-in fuel
to be unlimited. The reason is aromatics. Conventional jet fuel contains a few percent of aromatic
compounds that, although they slightly worsen emissions, perform a useful function: they cause
certain seals in older fuel systems to swell and stay leak-tight. Most synthetic-paraffinic SAF
pathways produce essentially no aromatics, so blending them above a certain fraction risks shrinking
those seals. The blend limit is the regulator's conservative answer to that risk, and the pathways that
include aromatics (such as the FT-SPK/A and ATJ-SKA annexes) exist precisely to allow higher
synthetic content. This is a good illustration of a general theme in SAF: the drop-in promise is real but
bounded by the accumulated, safety-driven specifications of a century of aviation engineering, and
extending those bounds is a slow, evidence-led process.

Four lessons from first-generation biofuels

The SAF industry has studied the experience of first-generation road biofuels — corn ethanol in the
United States, sugarcane ethanol in Brazil, biodiesel in Europe — explicitly in order to avoid repeating
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their mistakes. Four lessons stand out, and each has been built into the design of SAF policy and
project practice.

e Sustainability criteria must be rigorous and enforced. Early biofuel programs were criticised for
indirect land-use change (ILUC): when incentives pulled feedstock crops onto existing farmland,
food production was pushed onto previously uncultivated land, releasing the carbon stored in
that land's soil and vegetation and sometimes wiping out the fuel's climate benefit entirely.
Modern SAF frameworks respond with explicit ILUC accounting, exclusion lists for high-
deforestation-risk feedstocks, and independent verification.

e Feedstock supply-chain risk must be priced in. Corn ethanol suffered repeated supply shocks —
the 2008 food-price crisis, the 2012 US drought — that exposed projects to feedstock-price
volatility. SAF projects face the same exposure (used cooking oil prices have swung widely in
recent years), and the industry now treats long-term feedstock contracting and hedging as a
first-order risk-management task rather than an afterthought.

e Policy stability matters more than policy generosity. The US ethanol tax credit was repeatedly
changed and renewed before expiring, and the resulting uncertainty discouraged investment
more than any single credit level. SAF frameworks increasingly emphasize multi-decade certainty
— the EU's fixed mandate trajectory, the UK's revenue-certainty contracts — because a
predictable, moderate incentive supports investment better than a generous but volatile one.

e Social licence must be earned. Early biofuel debates often pitted producers against
environmental groups in zero-sum terms. The SAF industry has tried to engage critics proactively
and to address legitimate concerns through technology and policy design, recognising that
deployment at scale depends on continued public and political acceptance.

The institutions that govern SAF certification

One lasting legacy of the demonstration era is the institutional division of labor that now governs
SAF, and understanding who does what prevents a good deal of confusion. Three kinds of body share
the work. ASTM International, a voluntary standards organization, defines what aviation fuel is at the
chemical and physical level through the specifications and test methods discussed in Section 1.5; it
decides which production pathways are certified and at what blend. National aviation authorities
such as the United States Federal Aviation Administration and the European Union Aviation Safety
Agency set the airworthiness and operational rules and accept ASTM-certified fuels for use, so that
ASTM certification translates into permission to fly. And ICAO, the United Nations body for
international civil aviation, sets the environmental and sustainability framework — CORSIA, the
eligible-fuel criteria, the lifecycle methodology — that determines whether a fuel counts as
sustainable and earns climate credit. A new SAF pathway must satisfy all three: ASTM for fuel quality,
the aviation authorities for operational acceptance, and ICAO (and the regional and national schemes)
for sustainability and incentive eligibility. These bodies emerged or adapted in direct response to the
demonstration flights of the late 2000s, and their interlocking roles are why a single fuel must carry
several distinct certifications, a theme that recurs in the value-chain and metrics sections of this
chapter.
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1.4 Global policy landscape and climate agreements

SAF deployment depends on policy to an unusual degree, and the reason is simple economics: at
today's production costs SAF is two to five times more expensive than the fossil fuel it replaces, so
without supportive policy — production credits, blending mandates, carbon pricing — it would not be
commercially viable. The policy landscape has developed in three layers, each translating the one
above it into more concrete obligations. At the top sit the international climate agreements that set
broad temperature and emissions targets. Beneath them are the sector-specific aviation policies that
turn those targets into operational requirements. And at the base are the national and regional
instruments that actually fund and enforce compliance. This section surveys the first two layers;
Section 1.5 examines the specific instruments at the base.

International climate policy milestones

The modern climate-policy framework began with the 1992 UN Framework Convention on Climate
Change. The 1997 Kyoto Protocol introduced binding emissions targets for developed countries but
deliberately excluded international aviation from national totals — a politically convenient omission
that left the sector effectively unregulated at the international level for more than a decade. The
2015 Paris Agreement reorganised climate policy around nationally determined contributions but,
again, did not directly capture international aviation. That persistent gap is what ICAO's CORSIA
scheme, adopted in 2016 and entering its pilot phase in 2021, was created to fill, and it explains why
international aviation is governed by a bespoke sectoral mechanism rather than by the general
climate treaties.

The Paris Agreement nonetheless drives the urgency of aviation decarbonization indirectly, through
its central commitment to hold global warming well below 2 degrees Celsius and ideally to 1.5
degrees. Meeting the 1.5-degree limit requires global CO, emissions to fall by roughly 45 percent by
2030 relative to 2010 and to reach net zero around 2050 (IPCC, 2018). Aviation's own net-zero-by-
2050 commitment is aligned with that framework. The Agreement also embeds the principle of
common-but-differentiated responsibilities, which shapes how SAF deployment is structured
between developed and developing economies, with technology and finance expected to flow from
the former to the latter. Successive Conferences of the Parties have gradually raised aviation's profile
in these discussions, and the Paris Agreement's Article 6 rules on market mechanisms are increasingly
relevant to aviation through CORSIA's criteria for eligible offset credits.

It is worth pausing on why international aviation proved so hard to bring under the climate treaties,
because the answer explains the entire architecture of CORSIA. A flight from Singapore to London
burns fuel over many jurisdictions and the open ocean, so attributing its emissions to any single
country's national target is genuinely ambiguous — should they count against Singapore, the United
Kingdom, the airline's home state, or be apportioned somehow? Rather than resolve this, the Kyoto
Protocol simply handed international aviation and shipping to their respective UN specialised
agencies, ICAO and the International Maritime Organization, to address through sectoral
mechanisms. CORSIA is the result of two decades of negotiation within ICAO to build such a
mechanism, and its design — a global, route-based scheme that sidesteps the attribution problem by
assigning obligations to operators rather than states — reflects the very difficulty that kept aviation
out of the treaties in the first place. Understanding this history helps explain why CORSIA is an
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offsetting scheme of modest ambition rather than a stringent cap: it is the most that nearly two
hundred states with very different interests could agree on.

Three families of sector-specific policy instruments

Beneath the framework treaties, the policies that directly target aviation emissions fall into three
families, and it is worth distinguishing them clearly because they work through quite different
mechanisms and a well-designed national package usually combines all three. The distinction also
matters because SAF revenue can come from any of them, and a project's economics depend on
which apply in its market.

e Market-based measures put a price on emissions and let the market respond. Cap-and-trade
systems such as the EU Emissions Trading System require operators to surrender a tradable
allowance for every tonne of CO, they emit; offset schemes such as CORSIA require operators
to buy and cancel carbon credits to compensate for emissions above a baseline. These
instruments price carbon but do not, by themselves, guarantee that any particular volume of SAF
is produced.

e Fuel mandates force the deployment of SAF regardless of its price by requiring fuel suppliers to
deliver a rising minimum SAF share. ReFuelEU Aviation and the UK SAF Mandate are the leading
examples. A mandate guarantees volume but transfers the cost to consumers through ticket
prices rather than capturing it through a carbon market.

e Production incentives reward qualifying SAF production directly. The US Section 457 tax credit
pays producers per gallon of low-carbon fuel; California's Low Carbon Fuel Standard generates
tradable credits for low-carbon-intensity fuels; the UK's Revenue Certainty Mechanism offers
producers a guaranteed price through a contract-for-difference. These instruments support the
first commercial plants and help bridge the cost gap to fossil jet.

These three families are complements, not substitutes. A mature national policy package typically
uses a market-based measure to price emissions, a mandate to guarantee demand, and production
incentives to support first-of-a-kind projects and close the cost gap. The European Union's
combination of the ETS, ReFuelEU and the Innovation Fund exemplifies this design philosophy; the
United States achieves a comparable effect through a different mix of the Renewable Fuel Standard,
the Low Carbon Fuel Standard and the Section 457 credit. Section 1.6 compares these national
packages directly; first, Section 1.5 explains how each instrument actually works.

A useful way to remember the distinction between the three families is to ask what each one
guarantees and what it leaves to chance. A market-based measure guarantees a carbon price but not
a SAF volume: it makes emitting expensive and leaves the market to decide how much SAF that
justifies, so in a world of cheap offsets it may deliver very little fuel. A mandate guarantees a SAF
volume but not a price to producers: it forces the fuel to be bought but lets the cost fall where it may,
so producers still face price risk even as demand is assured. A production incentive guarantees
support to producers but not demand: it makes SAF cheaper to make but does not compel anyone to
use it, so it works only where a market or mandate also exists to absorb the output. Because each
family guarantees one thing and leaves another uncertain, no single instrument is sufficient, and the
art of policy design lies in combining them so that the guarantees overlap — a price to discipline the
incumbent, a mandate to assure demand, and an incentive to de-risk supply. The comparative analysis
of Section 1.6 is, in effect, a study of how the EU, the US and the UK have each struck this

-18 -
© 2026 GreenSinnergy



Chapter 1

combination differently, and the worked examples of Section 1.5 quantify what each instrument is
worth to a litre of SAF.

How the layers fit together

Before turning to the specific instruments, it is worth seeing how the three policy layers interlock,
because their relationship is a frequent source of confusion. The top layer — the UNFCCC, Kyoto and
Paris — sets temperature and emissions goals but does not, by itself, regulate any aircraft; it creates
the political mandate and, through the Paris Agreement's Article 6, the rules for the carbon markets
that the lower layers draw on. The middle layer — CORSIA and the sectoral aviation policies —
translates those goals into operational obligations on operators and fuel suppliers. The bottom layer
— the national and regional instruments of Section 1.5 — actually moves money, through credits,
allowances and penalties. A single tonne of CO, from a flight can therefore be touched by several
layers at once: counted under the Paris framework, offset under CORSIA, priced under the EU ETS if
the flight is intra-European, and reduced by SAF that earns a credit under a national program. These
layers are mostly complementary, but they occasionally overlap or conflict — the long-running
question of how CORSIA and the EU ETS should interact on the same flights is the standing example
— and reconciling them is a continuing task for regulators. For the practitioner, the practical point is
that a SAF project's revenue and a flight's compliance cost are determined not by any single
instrument but by the particular stack of instruments that applies to its routes and its markets, which
is why the comparative analysis of Section 1.6 matters so much.

1.5 Key regulatory instruments

We now examine the specific instruments that a SAF project actually interacts with, month by month,
through registration, compliance and reporting. Each has its own scope, its own obligations and its
own economic mechanism; together they determine the revenue and cost environment for SAF in
each major market. We begin with CORSIA, because it is the only truly global instrument and because
its offsetting machinery is the part of the policy landscape that newcomers find hardest to follow. We
therefore explain it slowly and then work through a complete numerical example.

CORSIA — the international offsetting framework

The Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) is ICAQ's market-
based measure for the CO, emitted on international flights. Adopted in 2016 and operational from
2021, its core idea is deliberately modest: rather than capping or taxing all of aviation's emissions,
CORSIA asks airlines to neutralize only the growth in their international emissions above a fixed
baseline, by buying and cancelling carbon credits generated by emissions-reduction projects
elsewhere. CORSIA does not, by itself, reduce the carbon intensity of jet fuel; it transfers money to
projects that cut emissions in other sectors. SAF enters the picture as an alternative way to discharge
the same obligation, which is the connection we build toward below.

Understanding CORSIA requires four building blocks: the phases that determine who participates and
when; the baseline against which growth is measured; the growth factor that converts an airline's
emissions into an offsetting obligation; and the two compliance routes — buying eligible emissions
units, or using eligible fuel. Figure 1.4 shows how these pieces fit together, and the paragraphs that
follow take each in turn.
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How CORSIA works — and where SAF enters the calculation

An operator offsets its growth emissions; eligible SAF reduces the bill step by step

1 - Covered emissions 2 - Offsetting obligation

Monitor, report & verify CO2 ORy = OEy x Sector's
on international routes (OEy) Growth Factor (growth above
85% of 2019 baseline)

3 - SAF emissions credit 4 - Final obligation

reduces

Using CORSIA Eligible Fuel: e FORc = OR - ER
ERy = 3.16 x mass x (1 - LSf/89) (per 3-year compliance period;
subtract from obligation not less than zero)

Figure 1.4 How CORSIA works — and where SAF enters the calculation. The operator offsets its growth emissions; eligible SAF
reduces the bill at step 3.

The phases. CORSIA rolls out in three phases of widening participation (Figure 1.5). The pilot phase
(2021-2023) was voluntary, with 88 states taking part and some flexibility in how each calculated its
baseline. The first phase (2024-2026) is also voluntary but with broader coverage — over 120 states
have signaled participation — and it is here that the baseline rules were tightened, as explained below.
The second phase (2027-2035) makes participation mandatory for ICAO member states, with narrow
exemptions for least-developed countries and those with very little aviation activity. By the
mandatory phase, CORSIA is expected to cover the large majority of international aviation emissions.
Crucially, only flights between two participating states incur offsetting obligations, although all
international flights must monitor, report and verify their emissions from 2019 onward regardless of
participation.
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The three phases of CORSIA

Voluntary pilot and first phases give way to mandatory participation from 2027

Offsetting baseline shifted to 85% of 2019 CO2 from 2024

Pilot phase First phase Second phase
2021-2023 2024-2026 2027-2035

Voluntary - 88 states W Voluntary - 120+ states Mandatory - ~all states
baseline flexibility baseline = 85% of 2019 baseline = 85% of 2019

I I I I I 1 I I
2021 2023 2025 2027 2029 2031 2033 2035

Figure 1.5 The three phases of CORSIA. Voluntary pilot and first phases give way to mandatory participation from 2027.

The baseline. The baseline is the threshold above which emissions count as "growth" to be offset.
CORSIA was originally designed to use the average of 2019 and 2020 emissions as its baseline, but
the collapse of air travel during the COVID-19 pandemic in 2020 would have produced an artificially
low baseline — making almost all subsequent flying count as growth. ICAO therefore changed the
rule. For the pilot phase the baseline was set at 2019 emissions alone, and from 2024 onward, for the
first and second phases, the baseline is fixed at 85 percent of 2019 emissions (ICAO, 2024). This is a
consequential number: setting the baseline below 2019 levels means that even an airline that has
merely returned to its pre-pandemic size now has an offsetting obligation, because its emissions
exceed 85 percent of 2019. To put the figure in concrete terms, ICAO calculated that 85 percent of
2019 emissions across all route pairs subject to offsetting in 2024 amounted to about 305.5 million
tonnes of CO,, while actual 2024 emissions on those routes were about 361.2 million tonnes — so
roughly 55.6 million tonnes counted as offsettable growth (ICAO, 2025).

The growth factor. No individual airline is asked to measure its own growth against its own 2019
baseline directly. Instead, ICAO each year calculates a single Sector's Growth Factor (SGF) for the
whole of international aviation — essentially the proportion of total covered emissions that lies above
the baseline — and applies that same percentage to every operator. The formula for an operator's
offsetting requirement in year y, before any fuel adjustment, is in principle a weighted blend of this
sectoral factor and the operator's own individual growth factor:

ORy = %S X (OEy X SGFy) + %0 x (OEy X OGFy)

where ORYy is the offsetting requirement, OEy is the operator's CO, emissions covered by CORSIA in
year y, SGFy is the Sector's Growth Factor, OGFy is the operator's individual growth factor, and %S
and %0 are the sectoral and individual weights. The weighting was set to 100 percent sectoral
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through 2029, meaning that until 2030 the individual term drops out entirely and the formula
simplifies to ORy = OEy x SGFy. From 2030 to 2032 it remains 100 percent sectoral, and only in
2033-2035 does a 15 percent individual component enter (ICAO, 2024). The practical effect is that,
for now, every airline offsets the same percentage of its covered emissions — the percentage that the
industry as a whole has grown above the 85-percent baseline. For 2024, ICAO published a Sector's
Growth Factor of 0.15405 — that is, about 15.4 percent of covered emissions had to be offset (ICAO,
2025; GreenAir, 2024).

The two compliance routes — eligible units and eligible fuels

An airline can discharge its offsetting requirement in two ways, and the second is the bridge to SAF.
The first route is to buy and cancel CORSIA Eligible Emissions Units (EEUs) — carbon credits from
approved crediting programs, where one unit represents one tonne of CO, reduced or removed
elsewhere. "Cancelling" a unit means permanently retiring it in a registry so it cannot be used again.
ICAQ's Council, advised by a Technical Advisory Body, decides which programs qualify; for the first
phase the approved programs include the American Carbon Registry, ART TREES, Verra, Gold
Standard, the Climate Action Reserve and the Global Carbon Council (ICAO, 2025; Gold Standard,
2025). The supply of genuinely eligible units has been tight, and prices, though historically low, have
risen toward the US$20-30 per tonne range in 2025 as compliance demand has grown (Fastmarkets,
2025).

The second route is to use CORSIA Eligible Fuel (CEF) — qualifying SAF — and claim the emissions
reduction it delivers, subtracting that reduction from the offsetting requirement. This is where SAF
and CORSIA connect. For SAF to count as CEF, three conditions must be met: the feedstock must be
on ICAQ's eligible list; the pathway must have a certified lifecycle carbon-intensity value (either an
ICAO default value or an approved actual value); and the producer must satisfy the CORSIA
sustainability criteria covering land use, food security, water and labor, verified by an ICAO-approved
certification scheme such as ISCC CORSIA or RSB CORSIA. Once those conditions are met, the airline
can claim a reduction calculated by the formula in the next subsection.

Eligible units, supply and the integrity debate

The first compliance route — buying and cancelling eligible emissions units — deserves a closer look,
because the quality of those units has been the most contested aspect of CORSIA and because it
shapes the relative attractiveness of the SAF route. An emissions unit represents one tonne of CO,
reduced or removed by a project somewhere in the world, and its environmental value depends
entirely on whether that reduction is real, additional (it would not have happened anyway),
permanent and free of double-counting. ICAO does not generate these units itself; it accredits
external crediting programs whose units airlines may use, and the credibility of the whole scheme
rests on how stringently it does so.

The history here is instructive. For the pilot phase, ICAO approved a relatively broad set of programs,
and critics — including some environmental groups and academic analysts — argued that many of the
eligible units, particularly older forestry and renewable-energy credits, did not represent genuine
additional reductions, so that an airline could discharge its obligation cheaply without any real climate
benefit. As a result, the supply of units meeting the stricter requirements has remained limited: by
2025, although several programs had received ICAO approval, only a small number of projects had
successfully issued units eligible for use in the first phase, including a forestry
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This dynamic matters for SAF in a specific way. The more expensive and scarce eligible units become,
the more valuable the alternative compliance route — using eligible fuel — becomes, because every
tonne of CO, an airline can deduct through SAF is a tonne it does not have to buy as a unit. In the
worked example above we valued the SAF reduction at the unit price precisely because that is the
cost the SAF avoids. If unit prices rise to US$40 or US$50 a tonne in the mandatory phase, the
implicit value of a CORSIA SAF claim rises in step, and CORSIA could become a more meaningful
revenue stream for SAF than it is today. The integrity debate and the SAF economics are therefore
two sides of the same question: how much it costs to discharge a tonne of CORSIA obligation, and
whether that is done through an offset of contested quality or through a verifiable reduction in the
carbon intensity of the fuel itself.

How SAF reduces the obligation — the CEF reduction formula

This is the single most important mechanism in CORSIA for the purposes of this book, so we set it out

explicitly. The emissions reduction an operator may claim from using a CORSIA eligible fuel in year “y
is:

ERy = FCF X MassCEF x (1 — LSf/LSref) (ICAO, 2023, Leaflet 9, p. 1)

Each term has a clear meaning. FCF is the Fuel Conversion Factor, a fixed value of 3.16 kilograms of
CO, per kilogram of fuel for jet fuel — it converts a mass of fuel into the CO, released when it is
burned. MassCEF is the mass of eligible fuel the operator used, in tonnes. LSf is the lifecycle carbon
intensity of that fuel, in grams of CO,-equivalent per megajoule — the central metric explained in
Section 1.9. And LSref is the baseline lifecycle value for fossil jet fuel, fixed at 89 gCO,e/MJ. The
bracketed term, (1 - LSf / 89), is therefore simply the fractional lifecycle reduction the fuel achieves:
a fuel with LSf = 89 gives zero, and a near-zero-carbon fuel gives almost one. Multiplying that fraction
by the CO, that the fuel's combustion would otherwise represent (FCF x MassCEF) yields the tonnes
of CO, the operator may deduct from its offsetting bill (ICAO, 2023).

A worked micro-example fixes the idea. ICAO's own guidance offers this one: an operator uses
10,000 tonnes of jet fuel made from used cooking oil, which carries a default lifecycle value of LSf =
13.9 gCO,e/MJ. The claimable reduction is ERy = 3.16 x 10,000 x (1 - 13.9 / 89) = 3.16 x 10,000 x
0.8438 = 26,665 tonnes of CO, (ICAO, 2024). In words: each tonne of this SAF lets the operator
deduct about 2.67 tonnes of CO, from its offsetting requirement — far more than the roughly 3.16
tonnes the fuel would emit at the exhaust, because the lifecycle reduction is 84 percent of that
combustion figure. We now scale this idea up into a complete airline example.
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WORKED EXAMPLE - CORSIA OFFSETTING FOR A FICTIONAL AIRLINE
(PART 1: THE OBLIGATION)

Operator: "Aurora Atlantic", a mid-sized international carrier. Compliance year: 2024 (Y1 Phase 1).

Step 1 — Covered emissions. Aurora's CO, on CORSIA-covered international routes is measured,
reported and verified at OEy = 2,000,000 t CO,.

Step 2 — Apply the growth factor. Through 2029 the calculation is 100% sectoral, so ORy = OEy x
SGFy. Using the published 2024 factor SGFy = 0.15405:

ORy = 2,000,000 x 0.15405 = 308,100 t CO, must be offset (before any SAF).

Step 3 — Cost without SAF. Aurora must buy and cancel 308,100 EEUs. At an illustrative unit price of
US$22/t, that is = US$6.78 million for the year.

Note how leveraged the obligation is: although Aurora emits 2.0 Mt, it only offsets the ~15% growth
slice — about 308 kt. The baseline shelters the other 85%.

Now we introduce SAF and watch the obligation shrink. Suppose Aurora decides to uplift a modest
amount of CORSIA eligible fuel. First we need the total mass of fuel that produced its 2.0 Mt of CO,:
dividing emissions by the conversion factor, 2,000,000 / 3.16 = 632,900 tonnes of fuel. Suppose 5
percent of this is CEF — used-cooking-oil HEFA with the default lifecycle value of 13.9 gCO,e/MJ —
giving a CEF mass of about 31,650 tonnes. We apply the reduction formula and then subtract the
result from the offsetting requirement.

WORKED EXAMPLE - CORSIA OFFSETTING FOR A FICTIONAL AIRLINE
(PART 2: SAF REDUCES THE BILL)

Step 4 — SAF volume. Total fuel = 2,000,000 / 3.16 = 632,900 t. A 5% CEF share gives MassCEF =
31,650 t of UCO HEFA (LSf = 13.9 gCO,e/MJ).

Step 5 — Claimable reduction. ERy = FCF x MassCEF x (1 - LSf/89) = 3.16 x 31,650 x (1 - 13.9/89)
ERy = 3.16 x 31,650 x 0.8438 = 84,400 t CO.,.

Step 6 — Final obligation. FOR = OR - ER = 308,100 - 84,400 = 223,700 t CO, to offset (floored at
zero if ER ever exceeds OR).

Result. A 5% SAF blend cut the offsetting bill by 84,400 t, or about 27% — and saved = US$1.86
million in unit purchases at US$22/t.

Why so leveraged? The SAF credit (5% x 84% = 4.2% of total emissions) is set against an obligation
that is only ~15% of total emissions, so 4.2/15.4 = 27%.
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Worked example — how SAF shrinks a CORSIA obligation
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5% SAF cuts the offset bill by 27% — because CORSIA only offsets the growth slice

Figure 1.6 Worked example — how a 5% SAF blend shrinks Aurora Atlantic's CORSIA obligation from 308 kt to 224 kt of CO,, a 27%
reduction.

The example reveals a feature of CORSIA that is easy to miss and important to grasp: because the
scheme offsets only the growth slice — roughly 15 percent of total emissions in 2024 — while SAF
generates a credit against the fuel's full combustion emissions, even a small SAF blend has an
outsized effect on the offsetting bill. A 5 percent blend erased 27 percent of the obligation. This
leverage is specific to an offsetting scheme with a high baseline; under a blending mandate such as
ReFuelEU, where the obligation is defined directly as a percentage of fuel volume, the relationship
between SAF use and compliance is one-to-one rather than leveraged. It is also worth noting two
practical limits. First, the final obligation cannot go negative: if claimed SAF reductions exceeded the
offsetting requirement, the operator's obligation would simply fall to zero rather than generate a
saleable surplus. Second, the economic value of a CORSIA SAF claim is modest at today's unit prices
— on the order of a few US cents per liter — which is why CORSIA is rarely the decisive revenue
stream for a SAF project; the mandates and production credits examined below typically matter far
more. CORSIA's significance is as a global floor of demand and a price-discovery mechanism, not as
the primary economic engine.

Compliance periods and a second worked example

One practical feature of CORSIA we have so far simplified is that compliance is assessed not annually
but over three-year compliance periods — 2021-2023, 2024-2026, and so on. An operator's
offsetting requirements are summed across the three years of a period, its SAF claims across the
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same three years are summed, and the difference is the total it must discharge by cancelling units,
with the deadline falling after the period closes. This matters because it gives operators flexibility in
timing: an airline can concentrate its SAF use, or its unit purchases, in whichever year of the period is
most economic, so long as the totals reconcile at the end. The formula is simply the multi-year version
of the one we used: total final offsetting equals the sum of the annual obligations minus the sum of
the annual SAF reductions, floored at zero.

To show that the mechanism behaves sensibly across fuels as well as years, consider a second,
contrasting worked example using a much lower-carbon fuel. Suppose our operator instead uplifts
power-to-liquid e-SAF with a lifecycle value of LSf = 3 gCO,e/MJ — close to the best achievable. The
per-tonne reduction is now ER per tonne = 3.16 x (1 - 3/89) = 3.16 x 0.966 = about 3.05 tonnes of
CO, for every tonne of fuel, against 2.67 tonnes for the used-cooking-oil fuel at 13.9. In other words,
the same physical quantity of e-SAF earns roughly 14 percent more CORSIA credit than the waste-oil
HEFA, purely because its carbon intensity is lower. This is the CORSIA mechanism rewarding lower Cl
directly, and it previews the general principle developed in Section 1.9: across every scheme, the
lower a fuel's carbon intensity, the larger the reduction or credit it earns.

WORKED EXAMPLE - THE VALUE OF LOWER CARBON INTENSITY WITHIN CORSIA

Same volume, two fuels. For each tonne of fuel, the claimable CORSIA reduction is FCF x (1 - LSf/89).
UCO HEFA (LSf=13.9): 3.16 x (1 - 13.9/89) = 2.67 t CO, credited per tonne of fuel.
PtL e-SAF (LSf = 3.0): 3.16 x (1 - 3.0/89) = 3.05 t CO, credited per tonne of fuel — about 14% more.

Lesson. Because the credit scales with (1 - LSf/89), every gram/MJ of Cl reduction is worth real money
under CORSIA, and proportionally more under the EU and California schemes examined in Section 1.9.

How an airline actually participates — the annual cycle

To make CORSIA concrete as an operational matter, it helps to trace the annual cycle an airline's
compliance team actually runs, because the formulas above describe the arithmetic but not the
workflow. Every year the airline must monitor the fuel burned on each international flight, convert it
to CO, using the fixed conversion factor, and compile a verified emissions report — the monitoring,
reporting and verification, or MRV, that underlies the whole scheme and that applies to all
international flights from 2019 regardless of whether a route incurs offsetting obligations. An
accredited independent verifier checks the report before it is submitted to the airline's home state,
which forwards aggregated data to ICAO. Separately, if the airline has used eligible fuel, it compiles
the supporting documentation — the fuel's certified lifecycle value, the volume, the evidence of
sustainability compliance — and claims the corresponding reduction, which its verifier also checks.

At the end of each three-year compliance period the state informs the airline of its total final
offsetting requirement, the airline buys and cancels the necessary eligible units in an approved
registry, and a verified cancellation report closes the loop. The practical burden of all this is significant
and continuous: it requires fuel-data systems accurate to the level of individual flights, relationships
with accredited verifiers, and a team that understands both the carbon-market and the fuel-
certification sides. For a SAF producer selling to airlines, the implication is that the eligible-fuel
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documentation it provides is not a marketing nicety but a compliance input its airline customers
depend on, which is why the certification and chain-of-custody functions described in Section 1.8 are
so central to the commercial relationship. CORSIA, in short, is as much an administrative system as an
economic one, and the airlines that manage it well treat fuel-emissions accounting as a core capability
rather than a regulatory chore.

CORSIA AT A GLANCE — THE KEY PARAMETERS

Scope: CO, on flights between two participating states. All international flights MRV their emissions
from 2019.

Baseline: 85% of 2019 emissions (from 2024), replacing the original 2019-2020 average after the
COVID distortion.

Obligation: ORy = OEy x Sector's Growth Factor (100% sectoral through 2029). 2024 factor =
0.15405.

Compliance: cancel CORSIA Eligible Emissions Units (EEUs) or use CORSIA Eligible Fuel (CEF) and
claim ERy = 3.16 x mass x (1 - LSf/89).

Phases: pilot 2021-2023 (voluntary), first 2024-2026 (voluntary, broad), second 2027-2035
(mandatory). Three-year compliance periods.

EU Emissions Trading System — the aviation cap

Where CORSIA offsets only growth, the EU Emissions Trading System (ETS) caps and prices a far
larger share of aviation's carbon. The ETS has covered flights within the European Economic Area
since 2012, and under it an aircraft operator must surrender one EU Allowance (EUA) for every tonne
of CO, emitted on covered flights. Allowances are traded, so the carbon price is set by the market;
through 2024-2026 the EUA price has generally ranged between roughly €60 and €90 per tonne,
averaging about €76-79 per tonne in May 2026 (EEX, 2026). At €77 per tonne, a flight emitting 0.1
tonne of CO, per passenger carries roughly €7.70 of carbon cost per passenger — enough to
influence behavior at the margin but not yet enough to drive rapid fuel switching on its own.

A change that took full effect in 2026 sharpened the ETS considerably: the free allowances that
aviation had historically received were phased out entirely, falling from 50 percent of allocations in
2024 to 25% in 2025 and then to zero in 2026, so that operators must now buy all their allowances
at auction, exactly as power and industrial installations do (ICAP, 2026). This roughly doubles the
effective carbon cost airlines face on flights within the European Economic Area (EEA) compared with
the partly-free regime that preceded it, and it materially improves the relative economics of SAF,
because — as the next paragraph explains — SAF is exempt from the surrender obligation.

Two features of the ETS reward SAF directly. First, fuel that meets the relevant sustainability criteria
is zero-rated: an airline does not have to surrender allowances for the CO, associated with the SAF
portion of its fuel. At a EUA price around €77 per tonne, this exemption is worth on the order of
€0.19-0.20 per liter of SAF, a meaningful addition to the revenue stack. The EU has carved out 20
million allowances, distributed free of charge between 2024 and 2030 specifically to compensate the
price difference between SAF and conventional jet fuel for commercial operators that use SAF
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It is worth being precise about which flights the EU ETS actually covers, because the scope has been
politically contested and shapes how much of an airline's carbon the system prices. From its 2012
start the ETS covered flights within the European Economic Area but, after international objection,
exempted flights to and from third countries — a compromise that kept the system alive but limited
its reach to intra-European aviation. The most recent reforms extended the scope selectively and,
more importantly, removed the free allowances that had cushioned the sector, so that from 2026
airlines pay the full market price for every tonne of CO, on covered flights. For flights that depart the
EEA for third countries, CORSIA rather than the ETS applies, which is the practical expression of the
long effort to make the two systems coexist without double-charging the same emissions. The upshot
for a SAF producer is that the value of the ETS zero-rating, computed below, accrues specifically on
intra-EEA flying, while the CORSIA value applies on the international routes the ETS does not reach
— so an airline's total SAF benefit depends on its particular route map, and a producer selling into the
European market must understand both systems to price its fuel correctly.

WORKED EXAMPLE - WHAT THE EU ETS ZERO-RATING IS WORTH PER LITER

Setup. A liter of fossil jet (~0.8 kg, ~34.4 MJ) burned on an intra-EEA flight emits ~0.8 x 3.16 = ~2.53
kg = 0.00253 t CO,.

Allowance cost avoided. At a EUA price of EUR 77/, that is 0.00253 x 77 = ~EUR 0.195 of allowance
the airline must surrender per liter of fossil jet.

SAF is zero-rated. Replacing that liter with qualifying SAF removes the surrender obligation, so the
zero-rating is worth ~EUR 0.19 per liter of SAF on covered flights.

Add the SAF allowance reserve. The 20 million free allowances set aside for 2024-2030 add a further,
declining top-up calibrated to the SAF-versus-fossil price gap.

Contrast with CORSIA. This ~EUR 0.20/L is roughly four to five times the ~US$0.04/L CORSIA value
computed earlier — which is why, inside the EEA, the ETS matters far more to SAF economics than
CORSIA does.

ReFuelEU Aviation — the blending mandate

If the ETS prices carbon, ReFuelEU Aviation guarantees SAF volume. Regulation (EU) 2023/2405,
which entered into force on 1 January 2025, obliges aviation-fuel suppliers to ensure that a rising
minimum share of the jet fuel made available at EU airports is SAF (European Commission, 2023a).
The trajectory is steep and legally binding: 2 percent in 2025, 6 percent in 2030, 20 percent in 2035,
34 percent in 2040, 42 percent in 2045 and 70 percent in 2050. Layered on top is a dedicated
synthetic e-SAF sub-mandate that begins at 1.2 percent in 2030 and climbs to 5 percent by 2035, 10
percent by 2040 and 35 percent by 2050 (European Parliament and Council of the European Union,
2023, Annex |). The sub-mandate exists because power-to-liquid fuels, though the most scalable in
the long run, are the most expensive today and would not be deployed at all under a technology-
neutral mandate; the sub-target forces the early investment needed to bring their costs down. Figure
1.7 shows the two trajectories together.
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ReFuelEU Aviation blending trajectory to 2050
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Figure 1.7 ReFuelEU Aviation blending trajectory to 2050, with the synthetic e-SAF sub-mandate. Source: Regulation (EU)
2023/2405.

ReFuelEU is enforced through penalties levied by member states on suppliers that fall short. The
regulation sets minimum penalty levels designed to be at least twice the price gap between SAF and
fossil jet, so that compliance is always cheaper than paying the fine: a supplier short on conventional
bio-based SAF faces a penalty on the order of €2,700 per tonne of shortfall, and a supplier short on
e-kerosene faces a penalty around €14,000 per tonne, with both calibrated against EASA's published
reference fuel prices (European Commission, 2023a; EASA, 2025). The economic logic of a penalty
floor is worth understanding: it places a ceiling on how much suppliers will rationally pay for SAF,
because no one will pay more for a tonne of SAF than the penalty they would otherwise incur. The
mandate covers fuel uplifted for flights departing from EU airports — both intra-EU and onward
international — giving it extraterritorial reach. The first compliance year, 2025, is being administered
through 2026, with reporting verified by independent bodies and data flowing to EASA and the
Commission. The UK SAF Mandate, operative from the same date, mirrors this design closely and
adds a revenue-certainty contract, as Section 1.6 describes.
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WORKED EXAMPLE - HOW THE REFUELEU PENALTY FLOOR CAPS THE SAF PRICE

Obligation. In 2025 a supplier must ensure 2% of fuel supplied is SAF. On 1,000,000 t of jet fuel, that
is 20,000 t of SAF.

Shortfall penalty. If the supplier delivers no SAF, the penalty is ~EUR 2,700 per tonne of bio-SAF
shortfall: 20,000 x 2,700 = EUR 54 million — plus an obligation to make up the shortfall later.

Why this caps the price. No rational supplier pays more than ~EUR 2,700/t for bio-SAF, because
beyond that price paying the penalty is cheaper. The penalty floor therefore sets a ceiling on the SAF
price the mandate will support.

e-SAF is different. The e-kerosene shortfall penalty is ~EUR 14,000/, reflecting e-SAF's far higher
cost and signalling how much the EU is prepared to pay to force early PtL deployment.

FAA and ASTM standards — the certification spine

Beneath all the climate-policy instruments sits a quieter but absolutely binding layer: the technical
standards that define what aviation fuel actually is. No SAF, however sustainable or well-subsidised,
can be put in an aircraft until it meets these specifications. In the United States the Federal Aviation
Administration sets airworthiness requirements for fuel operations, while ASTM International
publishes the standards that define the fuel's chemistry and physics; most other national aviation
authorities accept ASTM-certified fuels under reciprocal arrangements, so a single ASTM certification
effectively unlocks global market access.

Two standards matter most. ASTM D1655 specifies conventional jet fuel (Jet A and Jet A-1), the
fossil kerosene flown since the 1950s. ASTM D7566 specifies jet fuel containing synthesised
hydrocarbons — that is, SAF blends — and certifies each production pathway through a dedicated
annex that sets the chemical and physical requirements the fuel must meet and the maximum
proportion at which it may be blended into fossil jet. D7566 currently has eight annexes covering
eight pathways, with blending limits ranging from 10 percent for some pathways up to 50 percent for
the most established ones such as Fischer-Tropsch synthetic kerosene and HEFA. Once a SAF is
blended within its annex limit, the resulting mixture is certified as equivalent to Jet A or Jet A-1 and
may be used in any commercial aircraft without modification — the drop-in property in action. The
chemistry behind each annex is the subject of Chapter 3.

Bringing an entirely new pathway into D7566 is governed by ASTM D4054, a four-tier evaluation
that progresses from basic fuel properties (Tier 1), through combustion and emissions behavior (Tier
2) and materials compatibility with seals, hoses and sensors (Tier 3), to full engine testing (Tier 4). A
complete program typically costs several million US dollars (CAAFI, 2024) and takes four to eight
years, so for a project using an unlisted pathway, completing D4054 is often the single constraint that
determines when commercial operations can begin and must be budgeted and scheduled from the
very start. This is why the choice of an already-certified pathway is, for many developers, as much a
commercial decision as a technical one.
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1.6 Comparative analysis — SAF adoption in Europe, the US
and the UK

The three largest SAF markets have chosen structurally different policy strategies, and the
differences have real consequences for which kinds of projects get built where. The European Union
leads with a mandate, the United States with producer incentives, and the United Kingdom with a
hybrid of the two. Understanding these contrasts is essential for anyone projecting industry
investment, technology choices or feedstock flows. Table 1.3 summarises the comparison; the
paragraphs that follow explain each approach and its trade-offs.

Primary ReFuelEU mandate (binding 457 producer credit + RFS +  SAF Mandate + Revenue
instrument blend shares) LCFS Certainty Mechanism

. Incentive (production Hybrid (mandate + price
Mechanism type  Mandate (volume guaranteed) subsidised) support)
Share target to o T 10% blend (with PtL sub-
2030 6% blend (1.2% e-SAF) No federal target mandate)

California LCFS

Carbon pricing EU ETS, full auctioning ~€77/t UK ETS

~US$68/credit
Producer Innovation Fund + SAF Up to US$1.00/gal (post- D o
S — allowances OBBBA) Strike-price contract (RCM)

Sustainability RED Il + voluntary schemes GREET model + 45Z criteria  RED lll-aligned + UK specifics

frame
Feedstock o US/Mexico/Canada only .
restriction RED Il criteria, cap on crops (OBBBA 2025) RED lll-aligned

Table 1.3 Comparative summary of the EU, US and UK SAF policy frameworks as of Q1 2026.

The European Union — a mandate-driven approach

The EU combines three instruments: the ReFuelEU blending mandate, the EU ETS carbon price, and
the Innovation Fund's capital grants for breakthrough technologies. The result is fundamentally
mandate-driven — SAF deployment is required by law, with the cost passed through to airlines and
ultimately passengers, while the Innovation Fund and SAF allowances soften the burden on first-of-a-
kind projects. The great advantage is certainty: producers know demand will exist at the volumes the
mandate trajectory specifies, and can sign long-term contracts on that basis, so investors face less
revenue risk than in an unmandated market. The corresponding disadvantage is that the cost falls on
airlines and passengers rather than taxpayers, which makes the mandate's political durability depend
on continued public acceptance of higher fares — a reason the industry lobbies for parallel cost-relief
measures. By early 2026 the EU's combination of instruments had mobilised several billion euros of
committed investment across HEFA expansions, AtJ and first PtL projects.

A concrete sense of how the EU model plays out helps. Because the mandate guarantees demand,
the EU has attracted heavy investment in HEFA capacity from the large energy and refining
companies, who can size long-term offtake against the known mandate trajectory. But the same
mandate exposes a structural weakness: Europe lacks the domestic waste-oil and residue feedstock
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to supply even its near-term bio-SAF requirement, so the mandate pulls in imported feedstock and
finished fuel, raising both cost and the geopolitical questions that Chapter 2 examines. The e-SAF
sub-mandate is the EU's distinctive bet — no other major jurisdiction forces power-to-liquid
deployment so explicitly — and it reflects a judgement that without a guaranteed market the most
scalable long-term pathway would never attract the early, expensive investment it needs. Whether
European industry can actually build the e-SAF capacity the 2030 sub-mandate requires, given the
cost and the competing demands on renewable electricity, is one of the open questions hanging over
the EU framework as of 2026.

The United States — an incentive-driven approach

The US has no federal SAF mandate. Instead it relies on three incentives: the Section 45Z Clean Fuel
Production Credit, the Renewable Fuel Standard (which generates tradable Renewable Identification
Number (RIN) credits for qualifying fuels), and California's Low Carbon Fuel Standard, with parallel
programs in Oregon and Washington. The approach is incentive-driven: producer credits and
standards-based compliance values subsidize SAF rather than compelling its use. The Section 45Z
credit was amended by the One Big Beautiful Bill Act of 2025, which lowered the maximum credit for
SAF and restricted eligible feedstocks to those grown in the United States, Mexico or Canada; the
proposed implementing regulations were issued in early 2026 (the detailed economics of 45Z, RINs
and the LCFS stack are developed in Chapter 7). The strength of the US model is that it can scale
mature pathways such as HEFA very quickly, because production is rewarded immediately and
tradably; its weakness is thinner support for the pre-commercial pathways that a mandate would pull
through, and exposure to legislative change, as the OBBBA (One Big Beautiful Bill Act, major U.S.
federal tax and spending law) amendments themselves illustrate.

The US model's character becomes clearest in how producers stack its incentives. A single gallon of
qualifying HEFA can earn the 45Z production credit, generate tradable RIN credits under the
Renewable Fuel Standard, and earn LCFS credits if sold into California — three revenue streams
layered on top of the fuel's market price. In favorable conditions this stack can close most or all of the
cost gap for mature HEFA without any mandate at all, which is why the US scaled renewable diesel
and SAF capacity so quickly in the early 2020s. The model's fragility lies in that same dependence on
stackable, market-priced credits: RIN and LCFS prices are volatile, and the 457 credit is both time-
limited and subject to legislative change, as the 2025 OBBBA amendments demonstrated by cutting
the credit and restricting eligible feedstocks to North American origin. The result is a market that can
move very fast when the incentives align but that offers less of the long-horizon certainty a first-of-a-
kind frontier project needs — which is precisely the gap the UK model sets out to fill.

The United Kingdom — a hybrid approach

The UK has deliberately combined the two philosophies. Its SAF Mandate, operative from 1 January
2025, sets a rising blend obligation — 2 percent in 2025, 10 percent by 2030, 22 percent by 2040 —
with a PtL sub-mandate, much like ReFuelEU. On top of this it has added a Revenue Certainty
Mechanism (RCM), a contract-for-difference under which a government-backed counterparty
guarantees producers a strike price: when the market price falls below the strike, the producer is
topped up; when it rises above, the producer pays back, with the scheme funded by a levy on jet-fuel
suppliers (Department for Transport, 2025). The combination is unusually bankable for first-of-a-kind
projects, because it pairs the demand certainty of a mandate with the revenue certainty of a fixed
price, widely estimated to reduce a project's effective cost of capital by one to three percentage
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points. For frontier pathways such as PtL, the RCM is often the instrument that moves a project from
sub-economic to financeable.

The UK's Revenue Certainty Mechanism repays a closer look because it addresses the single hardest
problem in financing a frontier SAF plant: revenue risk. A first-of-a-kind power-to-liquid project faces
deep uncertainty about the price its fuel will fetch over a twenty-year life, and lenders price that
uncertainty as a high cost of capital, which can make an otherwise viable project unfinanceable. The
RCM removes the uncertainty by guaranteeing a strike price through a contract-for-difference: the
producer is assured a fixed revenue per unit regardless of where the market settles, with a
government-backed counterparty topping up or clawing back the difference, and the scheme funded
by a levy on fossil-jet suppliers rather than general taxation. Converting a volatile revenue stream into
a fixed one can lower a project's cost of capital by enough to move it from sub-economic to bankable,
which is why the mechanism is regarded as the most lender-friendly instrument in any of the three
frameworks. Its limitation is selectivity and scale: it supports a chosen cohort of projects rather than
the whole market, so it complements the mandate rather than replacing it. For the frontier pathways
on which the 2040s depend, however, this combination of a demand mandate and a revenue
guarantee is widely seen as the most effective policy design yet attempted, and other jurisdictions are
studying it closely.

The three approaches produce different deployment patterns, and project developers respond
accordingly. The EU model produces broad but gradual deployment paced by the mandate trajectory;
the US model produces rapid scaling of mature HEFA but weaker support for frontier pathways; the
UK model produces fewer projects but bankable first-of-a-kind plants in advanced pathways. A
mature HEFA project chasing the US incentive stack must accept the North-American feedstock
restriction; a pioneering PtL project is best served by the UK RCM or the EU Innovation Fund; a
project selling to voluntary corporate buyers can locate wherever it can secure a credible
sustainability certification and CORSIA eligibility. Chapter 2 examines the geographic logic of these
choices, and Chapter 6 quantifies their economics.

Beyond the big three — emerging frameworks

Although the EU, US and UK define the leading edge of SAF policy, the rest of the world is beginning
to move, and the pattern of adoption will shape the global market through the 2030s. Several
jurisdictions have announced mandates or targets on the ReFuelEU model: Japan has set a target for
SAF to make up a tenth of jet-fuel use by 2030; Singapore has announced a levy-funded blending
target from 2026; India and several Southeast Asian states have signaled blending ambitions tied to
their large feedstock and biofuel bases; and Brazil, with its enormous sugarcane and oilseed
agriculture, has legislated a rising SAF mandate within a broader low-carbon-fuels program. The Gulf
states, led by the United Arab Emirates and Saudi Arabia, have taken a different route, investing
directly in large production capacity — often power-to-liquid — aimed at export and at their own hub
carriers, rather than imposing domestic mandates. China, the second-largest aviation market, has
begun incorporating aviation into its national emissions-trading system and running SAF
demonstration programs, but has not yet adopted a binding blend mandate.

The significance of this widening adoption is twofold. First, it expands and diversifies demand beyond
the original markets, which matters because the EU's mandate alone cannot be met from European
feedstock and depends on imports; a world of many mandates is a world of much larger and more
contested feedstock flows, the subject of Chapter 2. Second, it gradually closes the gaps through
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which emissions and production can leak: as more jurisdictions price or mandate SAF, the competitive
disadvantage borne by early movers shrinks, and the risk that production simply relocates to
unregulated markets diminishes. The trajectory is toward a patchwork that is slowly thickening into
something closer to a global framework, with CORSIA as its common floor and the national mandates
and incentives as the binding constraints above it. For a project developer, the practical consequence
is that siting and offtake decisions increasingly span several jurisdictions at once, and the ability to
certify a fuel into multiple frameworks — European, American and Asian — is becoming a defining
competitive capability.

A note on book-and-claim and the convergence of frameworks

One mechanism cuts across all three jurisdictions and deserves a brief explanation because it
increasingly shapes how SAF is bought and sold: book-and-claim, also called mass-balance or
environmental-attribute trading. The idea responds to a logistical awkwardness. SAF is scarce and is
produced at only a few locations, but the demand for its environmental benefit — from airlines
meeting mandates, from corporates cutting business-travel emissions — is spread across the world.
Physically shipping a particular batch of SAF to a particular buyer's airport is often wasteful or
impossible. Book-and-claim separates the physical fuel from its environmental attribute: the SAF is
delivered into the fuel system wherever it is most efficient to do so, while the certified attribute —
the proof that a given quantity of low-carbon fuel was produced — is sold to a buyer who may be
anywhere, who then claims the benefit. Rigorous accounting ensures the attribute is claimed only
once. This is what lets a corporation in one country credibly fund SAF used by an airline in another,
and it is approved in various forms under CORSIA, ReFuelEU and several national systems, subject to
careful audit.

Stepping back from the three jurisdictions, the striking feature of the policy landscape in 2026 is
convergence. The EU pioneered the binding-mandate model; the UK adopted it and added revenue
certainty; and even the incentive-led United States increasingly relies on standards — the LCFS, the
RFS — that function like mandates at the state level. The sustainability frameworks are converging
too, as CORSIA, RED Il and the national schemes adopt overlapping criteria and recognize common
certification bodies. For a producer, this convergence is broadly helpful, because a fuel certified to a
high standard in one market is increasingly accepted in others, lowering the cost of serving multiple
markets from a single plant. But convergence is incomplete and contested — the OBBBA feedstock
restriction is a reminder that jurisdictions still diverge sharply on details — so the comparative analysis
of this section will remain a live and shifting picture, and project developers must track all three
frameworks rather than assuming any one will become the global template.

1.7 Current and projected market demand

Having explained the policies that create demand and despite the demand graphs inserted above, we
can now look at the market itself — how much SAF is produced today, how much will be needed, and
what stands between the two. The headline numbers establish the scale of the challenge starkly.
Global jet-fuel demand was roughly 380 million tonnes in 2019, fell sharply during the pandemic, and
has since recovered to around that level, with projections reaching some 500 to 600 million tonnes
by 2050 even after assumed efficiency gains (IATA, 2024; IEA, 2024). Against that vast denominator,
SAF production reached only about 1.5 million tonnes in 2024 — roughly 0.5 percent of jet-fuel use
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— having tripled from about 0.5 million tonnes in 2023 (IATA, 2024). The gap between this tiny base
and the volumes the climate commitments require is the defining problem of the industry.

Where the industry is starting from

It is important to be candid that growth, though rapid in percentage terms, has disappointed against
expectations. IATA's December 2024 forecast expected SAF output to reach about 2.1 million tonnes
in 2025; the actual figure was revised down to roughly 1.9 million tonnes — about 0.7 percent of jet-
fuel use — and growth into 2026 is now expected to reach only about 2.4 million tonnes (IATA,
2025; S&P Global, 2025). IATA attributed the slowdown not to a shortage of physical capacity, much
of which sits underused, but to insufficient policy support to make that capacity economic — a
pointed reminder that SAF deployment is gated by economics and policy, not by engineering alone.
The production base is also highly concentrated: the HEFA pathway accounts for the great majority
of current output, and a handful of large producers and facilities dominate global volume, with the
United States and Singapore together supplying a large share.

The commercial-scale producers active in the mid-2020s are mostly large energy and refining
companies that have converted or expanded facilities to make HEFA from waste oils — Neste, with
its Porvoo, Rotterdam and Singapore plants, is the global leader, joined by World Energy, Diamond
Green Diesel, TotalEnergies, Eni, Phillips 66 and Marathon. Beyond HEFA, a next wave of commercial
deployment is emerging in the alcohol-to-jet and Fischer-Tropsch pathways — Lanzalet's Freedom
Pines plant in Georgia began producing in 2024, and several biomass and municipal-waste projects
are advancing — alongside the first power-to-liquid demonstrations in Europe. Project pipelines list
well over a hundred commercial-scale facilities planned through 2030, though announcements
routinely run ahead of final investment decisions, so the pipeline should be read as potential rather
than committed supply.

The voluntary corporate market

Alongside the policy-driven market, a voluntary corporate market has grown quickly since 2022,
driven by companies seeking to cut the Scope 3 emissions of their business travel and freight. This
demand is intermediated by aggregating off-takers — platforms run by Neste, SkyNRG, World Energy
and others — that sign multi-year purchase agreements with producers and redistribute the SAF, or
its associated environmental attributes, to corporate buyers. By early 2026 dozens of major
corporations had publicly committed to SAF procurement, typically paying a significant premium over
the reference jet-fuel price for verified use (IATA, 2024). The voluntary market is still small in
absolute terms — on the order of a hundred to two hundred million liters a year — but it is growing
fast and serves two useful functions beyond its volume: it provides price discovery, and it
demonstrates a willingness to pay that strengthens the case for supportive policy.

The voluntary corporate market deserves a little more attention than its modest volume might
suggest, because it plays a role out of proportion to its size and illustrates a mechanism that recurs
throughout the book. Its driver is corporate climate accounting: under the widely used greenhouse-
gas accounting standards, the emissions of an employee's business flight count as a company's
indirect, or Scope 3, emissions, and as more companies set science-based reduction targets they look
for credible ways to cut those emissions. Buying SAF, or its certified environmental attribute through
book-and-claim, is one of the few options available, since the company cannot change how the airline
flies. This creates a willingness to pay a premium — typically one to three US dollars a litre over the
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reference jet-fuel price — that exists independently of any mandate or tax credit, and that is therefore
especially valuable to producers as a source of unsubsidised revenue and price discovery. The
aggregating platforms that intermediate this demand bundle small corporate purchases into volumes
large enough to underwrite production contracts, and the resulting offtake agreements have helped
finance several early plants. The market's importance, then, is less in the tonnes it consumes today
than in what it demonstrates: that there exists genuine willingness to pay for aviation decarbonisation
beyond what regulation compels, which strengthens both the investment case and the political case
for SAF.

A note on how to read these producer and pipeline figures, because they are easy to misinterpret.
Announced capacity is not the same as operating capacity, and operating capacity is not the same as
actual production. A plant may be announced years before it reaches final investment decision; once
built, it may run well below nameplate while it commissions, or while feedstock or offtake constraints
bite, or — as IATA stressed in 2025 — while weak policy economics leave it idle. The gap between the
roughly 1.9 million tonnes actually produced in 2025 and the substantially larger installed nameplate
capacity is precisely this kind of gap, and it is why IATA attributed the disappointing output not to a
shortage of plants but to a shortage of the policy support that makes running them economic. For
anyone sizing the market, the disciplined approach is to discount announced pipelines heavily, to
track final investment decisions rather than press releases, and to treat capacity-utilization
assumptions as a central variable rather than a detail — a discipline the practical exercise in Section
1.10 applies explicitly through its capacity-factor assumptions.

A structural feature of today's supply base carries a risk worth naming: concentration. Because a
single pathway, HEFA, accounts for the great majority of current production, and because HEFA
depends on a bounded pool of waste oils and fats, the industry's near-term growth is exposed to the
price and availability of those feedstocks in a way that a more diversified base would not be. The
same concentration appears geographically, with a small number of countries and facilities supplying
much of global volume, and commercially, with a handful of large producers dominating.
Concentration of this kind makes the supply base efficient but fragile: a feedstock-price spike, a
policy change in a key producing country, or an outage at a major facility can move the whole market.
It also explains why so much policy effort goes into forcing diversification — the EU's e-SAF sub-
mandate, the support for Fischer-Tropsch and alcohol-to-jet, the push into agricultural residues and
municipal waste — since a SAF industry that remained dependent on waste oils alone could never
reach the volumes the 2050 targets require. The transition from a concentrated, HEFA-dominated
base today to a diversified, increasingly PtL-based one by mid-century is thus not only a technical
evolution but a deliberate de-risking of the supply chain, and it is one of the central industrial stories
the rest of this book tells.

Demand forecasts to 2030, 2040 and 2050

The forecasts converge on a steeply rising trajectory even as they differ on the details. IATA's central
scenario sees SAF reaching roughly 17 million tonnes by 2030, around 95 million tonnes by 2040 and
some 350 million tonnes by 2050 — corresponding to about 5, 25 and 65 percent of jet-fuel demand
at those dates (IATA, 2024). The IEA's sustainable-development scenario and the ICCT's projections
fall somewhat lower for 2030 but converge toward the same order of magnitude by 2050 (IEA, 2024;
ICCT, 2024). Figure 1.8 shows the central projection within a scenario range; the spread reflects
genuine uncertainty about policy stringency, technology learning rates and economic conditions.
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Projected global SAF demand to 2050

Forecasts converge on a steep climb; the 2030 step is the most actionable
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Figure 1.8 Projected global SAF demand to 2050. Forecasts converge on a steep climb; the 2030 step is the most actionable. Based
on IATA Net Zero Roadmap (2024)

Of the three horizons, the 2030 figure is the most actionable, because it depends almost entirely on
projects already in or near the pipeline. Reaching even the lower end of the 2030 range requires
bringing on the order of a hundred new facilities online over the second half of the 2020s, on top of
the existing base — a demanding but not impossible task. The 2040 and 2050 figures depend far
more on the maturation of pathways that are barely commercial today, above all power-to-liquid,
because biological feedstocks alone cannot supply the volumes the later targets imply. The single
most important structural transition embedded in these forecasts is therefore the shift from a HEFA-
dominated industry in the 2020s to a PtL-dominated one by 2050.

A timing mismatch sits at the heart of the demand outlook and is worth making explicit. Demand for
SAF is created by policy on a fixed schedule — the mandate percentages rise in known steps, and the
2030 obligations are already law — but supply is created by projects that take years to permit, finance
and build, and that will only proceed once their developers are confident the demand and the
economics will hold. The result is a recurring tension between a demand curve that ratchets up on a
legislated timetable and a supply curve that responds with a lag and only to credible signals. When
policy is clear and durable, the lag is manageable and supply follows; when policy wavers, developers
hesitate, projects slip, and the gap between mandated demand and available supply widens — which
is precisely what the disappointing 2025 production figures reflected. This is why the industry treats
policy durability not as a background condition but as the single most important determinant of
whether the demand forecasts in this section are met, and why so much of the strategic and financial
discussion in later chapters returns to the management of policy risk.
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Regional distribution and trade

SAF demand is unevenly distributed, which creates international trade. Three regions dominate
aviation fuel use — the United States (about a quarter of the global total), East Asia (roughly a fifth,
led by China, Japan and South Korea), and the European Economic Area (just under a fifth) — with the
Middle East and Latin America completing the major markets. Policy frameworks are most developed
in the US, EU and UK; China's emissions-trading system began incorporating aviation in the mid-
2020s but does not yet drive SAF demand, while the Gulf states have announced major production
investment without comparable mandates. Because the EU's domestic feedstock supply cannot meet
its rising mandate, Europe is expected to be a net importer of SAF through the 2020s and 2030s,
drawing on surplus feedstock and fuel from the Americas and Asia-Pacific — a trade pattern with
significant geopolitical implications that Chapter 2 examines in detail.

What will determine whether demand is met

Whether SAF demand grows at the central pace, the optimistic upper bound, or below expectations
depends on five factors, and ranking them clarifies where the risks lie. Policy continuity is the most
consequential: extending and tightening existing mandates and credits would lift the trajectory, while
rolling them back would slow it, because at current technology levels the cost gap to fossil jet cannot
be closed without policy. Technology learning is the second — scaling PtL to the volumes the later
targets require depends on large reductions in electrolyser and direct-air-capture costs, which in turn
require early deployment, a chicken-and-egg problem that policy support is meant to break.
Feedstock availability bounds the bio-based pathways, since waste-oil supply is finite and could meet
only a low double-digit share of 2050 demand at best (IATA, 2025). Corporate commitments provide
a growing voluntary pull and an important demonstration of willingness to pay. And air-travel growth
scales total fuel demand and therefore SAF demand in proportion to the mandated share. The
recurring theme across all five is that SAF's trajectory is governed less by technical limits than by the
durability of the economic and policy support that makes it viable.

1.8 The SAF value chain

A SAF molecule travels a long way from its origin to the wing of an aircraft, and understanding that
journey — the value chain — is essential for anyone who wants to build, finance or assess a SAF
project, because a weakness at any stage can undermine the whole. The chain has six stages:
feedstock supply, technology development, engineering and construction, production and operations,
certification and quality assurance, and distribution and blending. Each has its own technical and
commercial character, each is indispensable, and the stages interact in ways that reward integrated
design and punish single-stage optimization. Figure 1.9 lays out the full sequence.
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The SAF value chain: from feedstock to flight

1 2 3 4 5 6

Feedstock Technology Engineering & Production & Certification & Distribution
Supply Development Construction Operations Blending & End Use

Waste oils, residues, Process licensing, EPC, permitting, Conversion, QA/QC, ASTM D7566 /
MSW, CO, + H; catalysts, R&D scale-up yield optimisation D1655, <50%

Figure 1.9 The SAF value chain — six stages from feedstock to flight. A disruption at any one stage can stall the whole flow.

Feedstock supply is the entry point and, for bio-based pathways, the dominant cost — typically 40 to
70 percent of operating cost (IRENA, 2016). Feedstocks fall into three broad families: lipids such as
used cooking oil and tallow, used by HEFA; alcohols and sugars, used by alcohol-to-jet; and
lignocellulosic or non-biological materials such as agricultural residues, municipal waste and captured
CO,, used by Fischer-Tropsch and power-to-liquid. The supply function has three distinct economic
tasks — aggregating feedstock from dispersed sources, pre-processing it for refinery use, and
delivering it on schedule — and each adds cost and complexity. Securing feedstock on long-term
contracts at predictable prices is the single most important commercial activity for a project sponsor,
and Chapter 2 maps the global feedstock geography in full.

Technology development covers the research, demonstration and commercialization of production
pathways, conducted across universities, national laboratories, industry consortia and private
companies, with conversion technology typically licensed to project developers by specialist
providers. The crucial and often-misunderstood point is that the hardest transitions are not from idea
to laboratory but from laboratory to demonstration and from demonstration to commercial scale,
because the engineering problems that appear at scale are systematically different from those visible
at bench scale — which is where most technology investments fail. Engineering and construction
then represents the largest single investment in the chain: a mid-sized HEFA plant costs several
hundred million dollars and a PtL plant of similar output can cost one to two billion (IATA, 2024a),
built by specialist engineering firms under contractual structures that must accommodate licensed
technology, a synchronised feedstock supply chain, and the conservative contingencies appropriate
to first-of-a-kind projects. Chapter 5 walks this lifecycle in detail.

Production and operations is the steady-state phase in which the plant runs continuously for a 20-to-
25-year life, and here operational excellence — high capacity factor, consistent quality, low energy
use, minimal unplanned downtime — is the primary determinant of returns; a plant running at 92
rather than 85 percent capacity factor produces roughly eight percent more fuel over its life, with
corresponding effects on revenue. Certification and quality assurance runs in parallel and is far more
than a formality: it spans three distinct regimes — fuel-quality certification under ASTM D7566,
sustainability certification under CORSIA, RED Il or a voluntary scheme, and incentive-program
certification for the relevant tax credits and standards — each requiring continuous chain-of-custody
documentation and third-party audit, the loss of which can interrupt revenue and block sales. Finally,
distribution and blending closes the chain: SAF is transported to an airport terminal, blended with
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conventional jet within its certified limit, and loaded through the existing hydrant system,
indistinguishable to the aircraft from fossil fuel. Because it uses the same infrastructure as
conventional jet, SAF distribution requires no parallel network — a decisive advantage over hydrogen
and batteries. A recent refinement, mass-balance accounting, allows certified SAF to be credited at a
different airport from where it is physically blended, improving logistics efficiency while requiring
careful audit to prevent double-counting. The overarching lesson is that a successful SAF project
must master, or partner across, all six stages, because feedstock without operations is useless,
operations without certification is unsaleable, and certification without distribution never reaches the
customer.

Because no single firm easily masters all six stages, SAF projects tend to be built by recognisable
kinds of sponsor, and knowing the archetypes helps explain who builds what. Incumbent energy and
refining companies bring engineering, operations and distribution strength and dominate the HEFA
segment, where the chemistry is closest to conventional refining; their challenge is feedstock, which
lies outside their traditional competence. Technology developers bring a novel business model and its
intellectual property but usually lack the balance sheet to build at scale, so they license their process
to others or partner with a larger sponsor — the model behind much of the alcohol-to-jet and Fischer-
Tropsch pipeline. Project developers and infrastructure funds bring capital and project-delivery
discipline but must buy in both technology and operations. And feedstock-rich players — agricultural
traders, waste-management firms — bring secure feedstock and reach forward into production. The
recurring pattern is partnership: because the stages demand different competences, most successful
projects are joint efforts that assemble feedstock security, licensed technology, engineering capacity,
operational skill and offtake into a single structure. Chapters 5, 7 and 8 examine how these
partnerships are assembled, financed and governed; the point here is that the value chain's structure
directly shapes the industry's corporate organization.

How the stages interact

The six stages are not independent boxes but a connected system, and three interactions in particular
reward integrated design and punish piecemeal optimization. The first is the feedstock-pathway
match: the category of feedstock dictates which pathway is even possible — lipids feed HEFA, sugars
and alcohols feed alcohol-to-jet, lignocellulose and waste feed Fischer-Tropsch, captured CO, feeds
power-to-liquid — so a plant cannot simply switch feedstock without redesigning its core process.
This is a feasibility-stage decision that constrains every later stage and getting it wrong is fatal. The
second is the technology-certification link: the pathway's chemistry determines which ASTM annex
applies and therefore the blending limit, which in turn caps the addressable market; a pathway
certified at a 10 percent blend limit faces a structurally smaller market than one certified at 50
percent, a fact that feeds straight back into project economics. The third is the production-
distribution link: where a plant is sited shapes its logistics, so that a facility next to a major airport hub
enjoys minimal distribution cost and maximal off-take appeal, while a remote facility must invest in
transport — which is why so many 2020s projects are sited deliberately for airport proximity. The
lesson that runs through all three interactions is that successful SAF projects are designed as
integrated systems from the outset, a theme Chapter 4 develops in the context of integration with
adjacent sectors and Chapter 5 in the context of the project lifecycle.
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1.9 Metrics for SAF impact assessment

SAF is described, compared and rewarded through a small set of metrics, and fluency in them is
essential because each serves a different decision — investment, policy, operations or compliance —
and confusing them leads to error. This section introduces the five metrics that matter most, gives the
central one, lifecycle carbon intensity, the extended treatment it deserves, and then shows through a
worked example how the same carbon-intensity value is translated into very different rewards under
the three major crediting systems. Chapters 3 and 6 develop these metrics with more technical depth;
here the goal is conceptual command.

Lifecycle carbon intensity — the master metric

Lifecycle carbon intensity (Cl) is the total greenhouse-gas emission associated with producing and
using a fuel, expressed in grams of CO,-equivalent per megajoule of energy (gCO,e/MJ). It is the
number on which almost every SAF policy ultimately turns, because it is what determines whether a
fuel qualifies as SAF, how large a CORSIA reduction it earns, and how many compliance credits it
generates. The phrase "lifecycle" is doing essential work: the Cl is not just the CO, that comes out of
the engine but the sum of emissions across the whole fuel chain. Analysts describe the standard
boundary as well-to-wake — from the extraction or collection of the feedstock (the "well") through
processing, conversion and transport, all the way to combustion in the aircraft engine (the "wake").
This contrasts with a narrower tank-to-wake boundary, which counts only combustion and would
misleadingly show SAF and fossil jet as nearly identical, since both emit similar CO, at the exhaust.
The entire climate case for SAF lives in the upstream portion of the well-to-wake boundary.

Two subtleties make Cl accounting genuinely difficult, and both recur throughout SAF policy. The
first is indirect land-use change (ILUC). When a fuel uses a crop that could otherwise have been food,
growing it for fuel may push food production onto new land elsewhere, releasing the carbon stored in
that land. ILUC emissions are real but cannot be measured directly — they must be estimated with
economic models — so schemes differ sharply in how, and whether, they include them. Waste and
residue feedstocks such as used cooking oil are generally assigned zero ILUC, because diverting a
waste to fuel does not displace food; crop-based feedstocks carry substantial ILUC adders; and the
choice of whether to include ILUC can swing a crop fuel's Cl by tens of grams per megajoule. The
second subtlety is the distinction between default and actual values: a producer can either use a
conservative default Cl value published for its pathway, which is simple but usually pessimistic, or
undertake a detailed, audited calculation of its own actual Cl, which costs more but typically yields a
lower, more favorable number. The spread — from 3 to 89 — is enormous, and it is why a fuel's Cl,
not merely the label 'SAF', is what policy actually rewards. Figure 1.10 shows a selection of
representative pathways: crop-based pathways such as soybean and rapeseed, shown in amber,
typically achieve lower reductions due to ILUC, while waste-based and advanced pathways achieve
up to 99% (ICAO, 2024; ICCT, 2024). The lower bound corresponds to feedstocks such as tallow and
camelina, where moderate upstream emissions remain, and the upper bound to power-to-liquid e-
SAF made from renewable hydrogen.
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Life-cycle carbon intensity of SAF pathways
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Figure 1.10 Lifecycle carbon intensity by SAF pathway versus the fossil baseline of 89 gCO,e/MJ. Indicative values from ICAO
CORSIA default values (2024-25), NREL and ICCT.

The pattern in Figure 1.10 repays study. Fossil Jet A-1 sits at about 89 gCO,e/MJ — the CORSIA
reference. Crop-based pathways such as soybean HEFA and corn alcohol-to-jet land in the middle,
around 45 to 55, because their ILUC and cultivation emissions offset much of the combustion
benefit. Waste-based pathways such as used-cooking-oil HEFA and municipal-waste Fischer-Tropsch
fall much lower, to roughly 14 to 16, because their feedstocks carry almost no upstream burden. And
power-to-liquid e-SAF made with genuinely renewable hydrogen reaches the very bottom, a few
grams per megajoule, because its only significant emissions come from the small residual carbon
footprint of its electricity and capture processes.

The choice between a default and an actual carbon-intensity value is worth dwelling on because it is
one of the more consequential decisions a producer makes, and it illustrates how the science of
lifecycle assessment becomes a commercial matter. A default value is a conservative figure published
for a whole pathway-and-feedstock combination, designed to be safe to apply without site-specific
data; because it is deliberately conservative, it usually overstates a well-run plant's true emissions. An
actual value is the result of a detailed, audited calculation of a specific facility's own supply chain — its
real feedstock, its real energy source, its real process efficiency — and for a plant that uses renewable
electricity and green hydrogen it can come in substantially below the default. Since every gram per
megajoule of lower carbon intensity increases the reduction or credit the fuel earns under every
scheme, the difference between a default and an actual value can translate into meaningful additional
revenue over a plant's life. Against that benefit stands the cost and effort of the actual-value
calculation and its audit. The decision is therefore a genuine economic trade-off, and the larger and
lower-carbon a plant is, the more worthwhile the investment in an actual value becomes — another
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reason, alongside those in Section 1.8, why carbon accounting is a core commercial capability rather
than a compliance afterthought.

How Cl becomes a credit — the same fuel in three systems

The decisive practical question is how a Cl value translates into money or compliance, and the answer
depends entirely on the scheme. To make the differences concrete, consider a single batch of SAF
with a lifecycle carbon intensity of 20 gCO,e/MJ — a good waste-based HEFA — and trace how
CORSIA, the EU's RED Il and California's LCFS each treat it. Figure 1.10 shows the three paths side
by side, and the worked example below puts numbers on each.

The three systems differ along three axes that the example makes visible. They differ first in the fossil
reference they compare against — CORSIA uses 89 gCO,e/MJ, RED Il uses a comparator of 94, and
the LCFS uses an annually declining benchmark derived from a 2010 baseline. They differ second in
their treatment of ILUC — broadly excluded for wastes in all three, but estimated and included for
crops with scheme-specific values. And they differ third in the form and size of the reward — CORSIA
yields an avoided offsetting cost, RED lll yields mandate compliance and avoidance of a penalty, and
the LCFS vyields a tradable credit with a market price. The same physical fuel is therefore worth quite
different amounts depending on where and under which scheme it is sold.

WORKED EXAMPLE - ONE FUEL (Cl = 20 GCO,E/MJ), THREE CREDITING SYSTEMS

Under CORSIA. Reference 89 gCO.e/MJ. Reduction = (89 - 20)/89 = 77.5%. Each tonne of SAF lets
an operator deduct 3.16 x (1 - 20/89) = 2.45 t CO, from its offsetting bill. At an EEU price of US$22/t
that is = US$54/t, or about US$0.04 per liter — modest.

Under EU RED Illl. Comparator 94 gCO.e/MJ. Reduction = (94 - 20)/94 = 78.7%, comfortably above
the 70% threshold for e-fuels (and the 65% threshold for biofuels), so the fuel counts toward the
ReFuelEU mandate. Its value is set by the avoided penalty floor (on the order of €2,700/t for bio-SAF)
plus the ETS zero-rating — far larger than the CORSIA value.

Under California LCFS. Benchmark ~79 gCO.e/MJ (2026, declining yearly from a 2010 baseline).
Credit = (79 - 20) x 43,000 MJ/t x 1e-6 = 2.5 t CO, per tonne of SAF. At ~US$68 per credit that is =
US$172/t, or about US$0.14 per liter — the richest of the three at current prices.

Takeaway. Identical fuel, three answers. The Cl sets the *percentage® reduction; each scheme's
reference, threshold and price set the *value*. This is why producers certify the same batch under
several schemes and sell into whichever market pays most.

The example also explains a behavior that puzzles newcomers: why a single SAF producer carries
multiple certifications. Because the same physical fuel earns different rewards under different
schemes, a producer maximises revenue by certifying a batch under CORSIA, RED Il and the LCFS
simultaneously and directing it — or its environmental attributes, through mass-balance accounting —
to whichever market offers the best return at the moment of sale. It also explains why lowering a
fuel's Cl is so valuable: every gram per megajoule of reduction increases the percentage saving
against every reference, and therefore the reward under every scheme at once. The economics of
SAF are, at bottom, the economics of driving Cl down and selling the resulting reduction into the
highest-paying compliance market.
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Worked example — building up a carbon-intensity value

Because lifecycle Cl is so central, it helps to see how the number is actually assembled rather than
treating it as a given. A Cl value is the sum of the emissions from each stage of the well-to-wake
chain, each expressed per megajoule of finished fuel, with any co-product credits subtracted. Table
1.4 builds up an illustrative Cl for a used-cooking-oil HEFA pathway. The point of the exercise is not
the precise figures, which vary by facility, but the structure: feedstock, transport, conversion energy,
hydrogen and processing, distribution, each adding a few grams, summing to a value far below the
fossil baseline.

What it counts lllustrative gCO,e/MJ

Used cooking oil — a waste, so near-zero upstream

Feedstock burden ~1.0
Feedstock transport Collection and haulage to the refinery ~1.5
Conversion energy Process heat and power for hydroprocessing ~6.0
Hydrogen input Hydrogen used to deoxygenate the oil ~5.0
Distribution Transport of finished fuel to the airport ~1.5
Co-product credit Credit for naphtha and propane by-products ~-1.0
Total lifecycle Cl Sum across the chain (well-to-wake) ~14.0

Table 1.4 lllustrative build-up of a lifecycle carbon-intensity value for used-cooking-oil HEFA. Real values are facility-specific and
third-party audited. Indicative values consistent with ICAO CORSIA default life-cycle values (2024-25)

Two things are visible in the build-up. First, the dominant contributions for a waste-based pathway
are the conversion energy and the hydrogen, not the feedstock — which is why a HEFA plant
powered by renewable electricity and using green hydrogen achieves a markedly lower Cl than one
running on grid power and fossil-derived hydrogen, even with the identical feedstock. This is also
why the same nominal pathway can post very different Cl values at different sites, and why the
default-versus-actual distinction matters so much economically. Second, the co-product credit
illustrates a subtlety of lifecycle accounting: a HEFA plant produces not only jet fuel but also naphtha
and propane, and the emissions of the process are shared across all the products, so the jet fuel is
assigned only its proportionate share. Different methodologies allocate co-product emissions
differently — by energy content, by mass, or by economic value, or through system expansion — and
these choices can shift the result by several grams per megajoule, which is the subject of the next
subsection.

Why the schemes disagree — methodological differences

If three analysts computed the Cl of the same fuel under CORSIA, RED Il and California's GREET-
based LCFS, they would usually get three different numbers, and understanding why is essential to
reading SAF claims critically. The differences arise from a handful of methodological choices that the
schemes make differently. The treatment of indirect land-use change is the largest: the LCFS and
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RED Il attach explicit ILUC values to crop-based feedstocks, while CORSIA handles land-use effects
through its induced-land-use-change component and its sustainability criteria, and all three assign
zero ILUC to genuine wastes — so the schemes can agree closely on a waste-based fuel and diverge
sharply on a crop-based one. Co-product allocation is the second source of divergence, as just
described: GREET tends to use energy- or process-based allocation, while RED Il prescribes energy
allocation, and the choice moves the result. The treatment of the electricity used in conversion is a
third: whether a plant may claim the low carbon intensity of a specific renewable contract, or must
use a regional grid average, can swing the Cl of an electricity-intensive pathway substantially.

The practical consequence is that a fuel's Cl is always a Cl under a specified methodology, never an
absolute physical constant, and a producer's headline reduction figure is meaningful only when the
scheme and boundary are named. This is not a flaw to be lamented so much as a feature to be
navigated: because the schemes differ, a producer optimises by understanding each methodology's
sensitivities — sourcing green hydrogen where the scheme rewards it, documenting a low-carbon
electricity contract where that is allowed, choosing the allocation method the rules prescribe — and
certifying the fuel where it scores best. The sophistication of a SAF producer's carbon-accounting
team is, for this reason, a genuine commercial asset, and the discipline of lifecycle assessment is
developed much further in Chapter 3.

The other four metrics

Lifecycle Cl anchors a family of four further metrics, each translating it into a different decision
currency. GHG savings per liter expresses the absolute climate benefit of substituting SAF for fossil
jet, calculated as the CI difference multiplied by the fuel's energy density: a used-cooking-oil HEFA at
16 gCO,e/MJ, against the 89 baseline, saves roughly 2.5 kilograms of CO, per liter, while a near-zero
PtL fuel saves about 3.0. Abatement cost, in dollars per tonne of CO, avoided, divides the SAF price
premium by those savings and is the natural metric for comparing SAF against other decarbonization
options; it runs from a couple of hundred dollars per tonne for cheap HEFA to over a thousand for
today's PtL. Levelised cost of fuel (LCOF) — the average production cost per liter, developed fully in
Chapter 6 — is the headline economic number, ranging from under a dollar per liter for HEFA to
several dollars for PtL. And energy density confirms drop-in compatibility: conventional jet carries
about 43 megajoules per kilogram, and certified SAF blends match it within tight tolerances, which is
precisely what liquid-hydrogen and battery alternatives cannot do, as Section 1.11 discusses. Used
together, these five metrics let a practitioner characterize any SAF project — its climate benefit, its
cost, its competitiveness and its technical viability — in a single coherent vocabulary.

To make the derived metrics as concrete as the Cl metric, it is worth working a small numerical chain
that ties them together, because seeing the arithmetic once removes most of the confusion between
them. Take the used-cooking-oil HEFA at a lifecycle Cl of 16 gCO,e/MJ. The GHG saving per liter is
the Cl difference times the energy per liter: (89 - 16) gCO,e/MJ x 34.4 MJ/liter = about 2,510 grams,
or roughly 2.5 kilograms of CO, saved per liter — so a million liters of this fuel avoids about 2,500
tonnes of CO,. The abatement cost then divides the price premium by that saving: if the fuel costs
US$1.20 a liter against fossil jet at US$0.60, the premium is US$0.60 a liter, and dividing by 2.5
kilograms (0.0025 tonnes) per liter gives about US$240 per tonne of CO, avoided.
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Lifecycle CI gCO,e/MJ How clean is the fuel over its whole chain?  3-55 vs 89 fossil

GHG savings kgCO,e/liter How much CO, does each liter avoid? 1.0-3.0

Abatement cost US$/tCO,e How costly is the CO, it avoids? ;P2t2;) (HEFA) to >1,000
LCOF US$/liter What does the fuel cost to make? ~0.9 (HEFA) to ~5 (PtL)
Energy density  MJ/kg, MJ/L Is it drop-in compatible? ~43 MJ/kg (matches jet)

Table 1.5 The five core SAF metrics, the question each answers, and indicative ranges, covering sustainable pathways only.
Developed further in Chapters 3 and é. Indicative values based on ICAO (2024), NREL and IATA (2024)

The same chain for a power-to-liquid fuel at Cl 3 and a cost of US$3.80 a liter gives a larger saving
per liter (about 2.96 kg CO, per liter) but a much higher abatement cost — roughly (3.80 -
0.60)/0.00296 = US$1,080 per tonne. These two numbers — US$240 and US$1,080 per tonne —
capture in a single comparison why HEFA dominates today and why PtL, despite its superior carbon
intensity, needs the strongest policy support: it saves marginally more carbon per liter but at four to
five times the cost. The abatement-cost metric is, for exactly this reason, the one policymakers use
when deciding how to allocate scarce support across pathways and against other decarbonization
options.

Verification — the MRV ecosystem that makes the metrics credible

None of these metrics means anything without verification, because a claimed Cl value that no one
can check has no standing with a regulator or a buyer. The SAF industry therefore rests on an
extensive Monitoring, Reporting and Verification (MRV) ecosystem operating at three levels. At the
project level, accredited auditors such as DNV, SGS or Bureau Veritas conduct annual on-site audits,
inspecting feedstock receipts, processing records, energy consumption and delivery documentation
to confirm the facility operates as its declared pathway specifies. At the sustainability-framework
level, voluntary schemes such as ISCC and RSB certify compliance with the criteria of CORSIA, RED
Il and similar frameworks, with producers often carrying several certifications at once. And at the
policy-program level, regulators verify the registrations required for tax credits and tradable credits —
the RFS pathway, 45Z eligibility, the LCFS pathway, ReFuelEU compliance — each with its own
ongoing reporting. Collectively this MRV burden is a real and continuing operating cost that
conventional refining does not bear, and producers that invest in modern digital chain-of-custody
systems gain a genuine advantage in lower compliance cost and faster access to credit revenue.

Taken together, the metrics of this section form the quantitative language in which every later
chapter is written, and it is worth fixing how they divide the labor. Lifecycle carbon intensity answers
the scientific and regulatory question of how clean a fuel is, and through the crediting examples it
determines what the fuel is worth under each scheme. GHG savings per liter converts that into a
tangible climate benefit a buyer can point to. Abatement cost places SAF on the same footing as
every other way of avoiding a tonne of CO,, which is how policymakers and corporate sustainability
teams decide where to spend. Levelised cost of fuel is the producer's and investor's
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1.10 Practical exercise — sizing regional SAF demand

To consolidate the chapter's concepts, we work through the kind of calculation that policy advisors,
project sponsors and off-takers perform routinely: estimating the SAF demand a mandate creates, the
production capacity it implies, the cost it imposes and the constraints it runs into. We take the
European Economic Area in 2030 as the case. The exercise is deliberately explicit so the reader can
reproduce it for any region or year by substituting the relevant figures.

Step 1 — Establish total jet-fuel demand. EEA commercial aviation consumed roughly 55 million
tonnes of jet fuel in 2019 (about 69 billion liters at a density near 0.8 kg/L). Growing the recovered
figure at about 2.5 percent a year to 2030 gives a 2030 demand of approximately 66 million tonnes,
or about 83 billion liters. This is the denominator the mandate applies to.

Step 2 — Apply the ReFuelEU mandate. The 2030 obligation is a 6 percent SAF blend, of which the
e-SAF sub-mandate accounts for 1.2 percentage points using the period average for planning
purposes, leaving 4.8 percent for conventional bio-based SAF. So, bio-SAF demand is 0.048 x 66 =
about 3.2 million tonnes (4.0 billion liters) and e-SAF demand is 0.012 x 66 = about 0.79 million
tonnes (1.0 billion liters), for a combined SAF demand of roughly 4.0 million tonnes, or about 5.0
billion liters, in 2030.

Step 3 — Translate demand into plants. At a 90 percent capacity factor and a typical bio-SAF plant
size of 200 million liters a year, meeting 4.0 billion liters of bio-SAF requires about 4,000 / (0.90 x
200) = 22 plants. PtL plants are smaller and run at lower capacity factors; at 100 million liters a year
and a 60 percent factor, 1.0 billion liters of e-SAF requires about 17 plants. Against an existing base
of perhaps eight commercial-scale plants in 2025, the EEA therefore needs roughly 30 new facilities
— including some 17 power-to-liquid plants — online by 2030, which is demanding but not
impossible.

Step 4 — Cost the compliance. At illustrative prices of US$1.30 per liter for bio-SAF and US$3.80 per
liter for e-SAF, the 2030 fuel bill is 4.0 billion x 1.30 + 1.0 billion x 3.80 = US$5.2 billion + US$3.8
billion = US$9.0 billion. The same energy as conventional jet at US$0.65 per liter would cost about
US$3.25 billion, so the SAF premium is roughly US$5.75 billion in 2030 — a real cost ultimately borne
by airlines and passengers. Spread across travellers, and assuming a typical intercontinental round-
trip burns on the order of 1,200 liters of jet fuel per passenger at a 6 percent blend, the premium
adds roughly US$50 to US$90 to such a ticket.

Step 5 — Find the binding constraint. The bio-SAF requirement of about 3.2 million tonnes implies on
the order of 3.5 million tonnes of feedstock a year. Since estimated global used-cooking-oil supply is
only about 10 to 12 million tonnes (UNEP, 2024), the EEA's bio-SAF demand alone would consume a
third of the world's UCO if HEFA dominated — clearly unsustainable, so the region must diversify into
tallow, agricultural residues and advanced feedstocks, and import feedstock from surplus regions. The
e-SAF requirement is constrained not by resource limits but by the pace of electrolyser and capture
deployment, which is a question of capital and supply chains. The exercise thus reproduces, in a single
calculation, the industry's central tensions: ambitious volumes, a feedstock ceiling on the cheap
pathways, a heavy reliance on costly PtL for the balance, and a multi-billion-dollar premium that
policy must justify.
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Two further cuts of the same numbers make the result more tangible. Per passenger, the roughly
US$5.75 billion annual premium spread across the EEA's projected 2030 traffic works out to a
modest addition to the average fare — on the order of a few dollars on a short intra-European trip
and the US$50 to US$80 noted above on a long intercontinental round-trip, because long flights burn
far more fuel and therefore carry more of the SAF premium. This is a useful figure for the public
debate, because it frames the mandate's cost in terms a passenger can judge rather than as an
abstract billion-dollar total. A second contrast is instructive: the same 2030 SAF volume produced
under the US incentive model rather than the EU mandate would shift much of this cost from
passengers to taxpayers, because the 457 credit and the LCFS pay producers from public funds and
credit markets rather than loading the cost onto fares. Neither approach makes the cost disappear —
the cost gap is real and someone must bear it — but the two models distribute it very differently, the
EU onto travellers and the US onto the public purse and obligated parties, which is one of the
deepest structural differences between the frameworks compared in Section 1.6.

It is worth stress-testing one assumption to show how sensitive such estimates are, because the
headline figures can mislead if taken as precise. Suppose air-travel growth runs at 3.5 percent a year
rather than 2.5 percent: 2030 jet-fuel demand would be roughly 73 rather than 66 million tonnes, the
6 percent mandate would imply about 4.4 rather than 4.0 million tonnes of SAF, and the number of
new plants and the compliance premium would scale up in proportion — perhaps 33 rather than 30
new plants and a premium nearer US$6.3 billion. Conversely, faster cost declines in PtL, or a higher
share of cheaper bio-SAF in the mix, would lower the premium. The exercise should therefore be
read not as a forecast but as a transparent calculation whose inputs the reader can vary; its value is in
exposing the levers — demand growth, mandate share, plant size, capacity factor, fuel price and
feedstock ceiling — rather than in any single output number. This is exactly how practitioners use
such models: not to predict, but to understand which assumptions the answer is most sensitive to,
and therefore where to focus diligence.

Read as a whole, this exercise is the chapter in miniature, because it forces every major theme to
meet a number. It begins with traffic and fuel demand (Section 1.7), applies a mandate (Section 1.5),
converts the resulting volume into the plants, feedstock and capital of the value chain (Section 1.8),
prices the gap that policy must close (Sections 1.2 and 1.6), and runs into the feedstock ceiling that
drives diversification toward power-to-liquid (Section 1.3). The discipline it teaches is the habit of
carrying a policy target all the way through to its physical and financial consequences, rather than
stopping at the headline percentage. A policymaker who performs this calculation sees immediately
that a 6 percent mandate is not a modest tweak but a multi-billion-euro, thirty-plant industrial
program with a feedstock constraint attached; a developer who performs it sees where the buildable
opportunities and the binding bottlenecks lie. Variants of exactly this calculation, run for different
regions, years and assumptions, underlie most of the serious analysis in the SAF field, and

1.11 Critical discussion

Two questions recur in every serious discussion of SAF, and because they shape both industry
strategy and the reader's own judgement, we address them directly rather than leaving them implicit.
The first is whether SAF is the right long-term answer for aviation at all, given the emerging
alternatives of battery-electric and hydrogen flight. The second is how SAF projects should manage
their heavy dependence on policy support.
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SAF versus hydrogen versus battery propulsion

SAF is not the only candidate for aviation decarbonization, and an honest assessment must weigh it
against the alternatives rather than assume its primacy. The decisive variable is energy density — how
much usable energy a fuel packs per kilogram and per liter — because an aircraft must carry its energy
with it, and Figure 1.11 shows why this so sharply constrains the options.

Energy density of aviation energy carriers
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Figure 1.11 Energy density of aviation energy carriers, by mass and by volume. Only liquid hydrocarbons pack enough energy for
long-haul flight. SAF matches conventional jet on both axes.

Battery-electric aircraft eliminate in-flight emissions entirely when charged with clean electricity, but
the figure shows their fundamental problem: state-of-the-art lithium-ion batteries store roughly 0.7
megajoules per kilogram against jet fuel's 43 — about sixty times less energy for the same weight.
Even with anticipated improvements, battery aircraft are confined to short-haul routes with small
passenger loads, and their plausible share of aviation energy demand by 2050 is on the order of a few
percent. Hydrogen aircraft are more promising for medium-haul: hydrogen has excellent energy per
kilogram (about 120 megajoules), but even when liquefied it has poor energy per liter (about 8.5
against jet fuel's 34), so it demands large cryogenic tanks at minus 253 degrees Celsius that displace
passengers or cargo. Airbus and others are developing hydrogen concepts for the 2030s, but
commercial deployment depends on cheap green hydrogen and on building hydrogen supply chains
at airports; hydrogen's plausible share by 2050 is perhaps 20 to 30 percent, concentrated in shorter
narrow-body routes.
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SAF is the only option that works across the entire fleet and all ranges today, and crucially it is the
only credible option for the long-haul flights that generate most of aviation's emissions, because
those flights require the energy density that only liquid hydrocarbons provide. The right way to see
the three technologies is therefore as complements rather than competitors: battery-electric for
short-haul from the late 2020s, hydrogen for medium-haul from the mid-2030s, and SAF for long-
haul and for the whole existing fleet throughout. Because the fleet turns over only every 25 to 30
years, the aircraft flying in 2050 are largely determined by decisions taken in the 2020s, which means
deploying SAF now is not a bet against hydrogen and batteries but the bridge that carries aviation's
decarbonization while those technologies mature. Abandoning SAF would not accelerate the
alternatives; it would simply leave the existing fleet with no path to lower emissions at all.

The infrastructure dimension of the comparison deserves emphasis because it is frequently
underweighted in technology debates that focus on the aircraft alone. Even if a hydrogen aircraft
were available tomorrow, flying it commercially would require an entirely new fuel supply chain:
liguefaction plants, cryogenic storage and distribution, redesigned airport fuelling systems, and new
safety procedures for handling a fuel stored at minus 253 degrees Celsius. Building this at thousands
of airports worldwide is a multi-decade, multi-trillion-dollar undertaking, and it must be substantially
complete before hydrogen aircraft can operate at scale — a coordination problem of formidable
difficulty. SAF faces none of this, because it uses the existing fuel infrastructure unchanged; a liter of
blended SAF moves through the same pipelines, tanks and hydrants as fossil jet and is loaded into the
same aircraft by the same procedures. This is why SAF can begin decarbonising the fleet today while
hydrogen, however promising for the longer term and for shorter routes, remains contingent on an
infrastructure build-out that has barely begun. The comparison is therefore not really a contest
between two ready technologies but between one that is deployable now across the whole fleet and
others that are years to decades from scale and confined to segments of it, which is the practical
basis for treating SAF as the near-term workhorse and the alternatives as longer-term complements.

Managing policy-dependency risk

The harder truth about SAF is that, at current costs, most pathways are uneconomic against fossil jet
without policy support — the 457 credit, ReFuelEU, the UK Revenue Certainty Mechanism, the LCFS
and their peers. This dependence creates risks that sponsors must manage explicitly rather than wish
away, and three deserve particular attention. The first is policy sunset: many instruments have
defined expiry or review dates — Section 457 is currently legislated to sunset at the end of 2029, and
mandates and standards face periodic review — so a project with a 20-year horizon faces the risk that
the policy underpinning its economics lapses before payback. The mitigations are to stress-test the
project against a no-policy fallback, to lock in long-term off-take that fixes the policy value, and to
engage in the advocacy that preserves the framework. The second is policy change: the OBBBA 2025
amendments to Section 45Z, which cut the credit and restricted eligible feedstocks, are a live
example of how credit values and eligibility rules can shift mid-stream, and the mitigation is to design
for robustness to moderate change and to share that risk contractually with off-takers. The third is
compliance and audit risk: because SAF revenue depends on continuous certification across multiple
frameworks, a failed audit can interrupt income, so dedicated compliance capability and robust
documentation are not overhead but core risk management.

These risks are not unique to SAF — they apply to any policy-supported infrastructure, from solar to
offshore wind to renewable diesel — and the SAF industry's task is to import the project-finance
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discipline those sectors developed. The first cohort of SAF projects has already shown that bankable
structures can be built within the current policy framework, and as both that framework and the
practice of SAF project finance mature, deployment should broaden. The balance of this book is, in a
sense, an extended treatment of how to manage exactly these risks: Chapter 5 on the project
lifecycle, Chapter 6 on economics, and Chapter 7 on financing all return to the question of how a
policy-dependent SAF project can nonetheless be made robust and financeable.

It is worth stating the complementarity argument carefully, because it is the crux of how SAF relates
to the alternatives over time. The fleet turns over only once every twenty-five to thirty years, which
means the mix of aircraft flying in 2050 is being decided by the orders placed in the 2020s and
2030s. If the industry waited for hydrogen and battery aircraft to mature before acting, it would lock
in another generation of conventional aircraft with no decarbonization path, and the emissions of
those aircraft over their long lives would be locked in with them. Deploying SAF now avoids that
lock-in, because SAF decarbonises the aircraft that already exist and the conventional aircraft still
being ordered, while leaving the door open for hydrogen and battery platforms to take over the
segments they suit as they mature. Far from competing with the newer technologies, SAF buys the
time they need: it is the only lever that can reduce emissions from the existing and near-term fleet
during the decades before alternative propulsion is ready at scale. Seen this way, the choice is not
SAF versus hydrogen versus batteries but SAF now and the others later, with SAF as the bridge that
carries the sector across the gap. This is why even the most optimistic projections for hydrogen and
electric flight still show SAF supplying the majority of aviation energy in 2050, and why a decision to
deprioritize SAF would set back decarbonization rather than advance it.

Is SAF a distraction or a bridge? The greenwashing question

A third question deserves an honest hearing, because it is raised by serious critics and a balanced
treatment strengthens rather than weakens the case for SAF. The criticism runs as follows: SAF still
emits CO, at the exhaust, most pathways achieve well short of zero on a lifecycle basis, volumes are
tiny relative to demand, and prominent SAF commitments may let airlines and their customers claim
climate progress while continuing to expand flying — in short, that SAF risks functioning as a licence
to grow emissions rather than a genuine path to cut them. This argument should not be dismissed. Its
strongest version points out that if SAF volumes remain at a fraction of one percent while traffic
doubles, absolute aviation emissions will rise even as the SAF share grows, and that some corporate
SAF claims rest on attribute purchases whose additionality and accounting deserve scrutiny.

The considered response is not to deny these points but to put them in proportion. SAF is not
claimed to be a complete or immediate solution; it is the principal lever in a portfolio precisely
because aviation cannot be electrified, and the alternative to scaling SAF is not a zero-carbon aviation
that arrives sooner but a long-haul fleet with no decarbonisation path at all for decades. The volume
criticism is really an argument for faster scaling and stronger policy, not against SAF as such. The
greenwashing risk is real at the level of specific claims and is best addressed by exactly the rigorous
lifecycle accounting, third-party verification and book-and-claim integrity rules examined in this
chapter — the same MRV machinery that makes a CORSIA or LCFS credit trustworthy is what
separates a substantiated SAF claim from an empty one. And the concern that SAF licenses traffic
growth is, at bottom, a demand-side question about whether and how to constrain flying, which is a
legitimate debate but a separate one from whether the fuel that is burned should be decarbonised. A
reader who weighs these arguments will likely conclude what most analysts do: that SAF is neither a
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panacea nor a distraction, but an imperfect and indispensable bridge whose value depends on
deploying it honestly, scaling it fast, and pairing it with the verification that keeps its claims credible.

Closing the chapter, SAF stands as the most credible path to aviation decarbonization through 2050.
It combines drop-in compatibility with the existing fleet and infrastructure, a portfolio of pathways
with complementary feedstocks, and a policy framework that is mature in the major markets and
developing elsewhere. The economic and operational challenges are real but tractable, and the
chapters that follow address them in turn — the feedstock geography of Chapter 2, the pathway
chemistry of Chapter 3, the technology integration of Chapter 4, the project lifecycle of Chapter 5,
the economics of Chapter 6, and the finance, competition, stakeholder management and business
development of Chapters 7 through 10. The foundation laid here — what SAF is, how the policies
work, how the numbers are calculated — is the groundwork on which all of that builds.
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Recommended readings and resources

IATA (2024). Finance Net Zero CO, Emissions Roadmap. The airline industry's central scenario for
SAF deployment to 2050, with the breakdown of abatement contributions across levers used in
Figure 1.2.

ICAO (2024). CORSIA — Annex 16, Volume 1V, and the supporting Implementation Elements. The
canonical reference for CORSIA's design, including the offsetting and CEF-reduction formulas worked
through in Section 1.5.

ICAO (2025). CORSIA Eligible Fuels — Default Life Cycle Emissions Values and Methodology. The
source of the default Cl values and the LSref baseline used in the worked examples.

European Commission (2023). Regulation (EU) 2023/2405 (ReFuelEU Aviation). The legal text of the
EU blending mandate, its sub-mandate and its penalty structure.

IEA Bioenergy Task 39 (2024). Progress in Commercialization of Biojet / Sustainable Aviation Fuels.
A pathway-by-pathway technology and policy review.

IRENA (2024). Innovation Outlook: Renewable Aviation Fuels. Long-term cost-trajectory projections,
particularly for power-to-liquid.

ICCT (2024). SAF Policy Scorecard. A structured comparison of SAF policy across the US, EU, UK and
other markets.

ASTM International (2024). ASTM D7566 and D4054. The technical references for SAF specification
and new-pathway certification discussed in Section 1.5.
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