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1 Foreword

The UK has built an exceptional aviation industry, contributing more than £22 billion directly to GDP, and an
additional £34 billion from the export of aerospace components. Further economic and social value is catalysed,
with overseas visitors spending almost £30 billion in the UK each year, and UK residents benefiting from the
connectivity to every corner of the world.

The need for decarbonisation has been recognised across the UK aviation value chain. Targets have been
established and significant progress has already been made. More efficient aircraft, engines, and operations
have decoupled growth from emissions, with passenger numbers in the UK growing by nearly 200% between
1990 and 2019, while aviation emissions grew by just 125%. However, reducing the rate of emissions growth is
not enough; aviation must fully decarbonise to avoid the worst impacts of climate change.

The ATAG Waypoint analysis estimated that decarbonizing aviation fuel (the source of almost all emissions from
the sector) will require annual consumption of 400 million tonnes of low carbon aviation fuels by 2050. With
negligible production today, this represents a considerable opportunity for countries to create economic value
and jobs, attract investment, and bolster the resilience of the energy sector with domestic alternatives.
Unlocking investment is the key challenge, with the cost of production higher for the innovative but unproven
SAF technologies compared to the mature fossil fuel industry. Policies that recognise the additional
environmental value of SAF are critical to create a level playing field.

This analysis shows that the UK has sufficient feedstock — biological and other — to fully decarbonise the aviation
sector. It also shows that relying on imports will be challenging, with a global shortfall in announced capacity
compared to targets of almost 4 million tonnes of SAF by 2030, equal to over three times the UK's projected
2030 demand. Attracting the scarce supply over other demand sources would require UK consumers to pay a
meaningful premium and would contribute nothing to the UK economy or energy resilience.

Utilizing UK feedstock requires new conversion technologies to be commercialized. The Hydroprocessed Esters
and Fatty Acids (HEFA) pathway dominates the trickle of current production, but the waste fats and oils this
approach requires are limited in their availability. To achieve the necessary growth, SAF producers must
commercialise technologies such as Fischer-Tropsch, Alcohol-to-Jet, and others. These technologies hold great
promise but will not be feasible without additional support. The high capital costs, uncertain revenue, and
complex technologies prevent investments until the level, type, and longevity of policy support is known and
sufficient. The Advanced Fuel Fund has set the groundwork, but additional support is urgently needed. Time is
running short to get these complex facilities built and commissioned by 2030.

The United States and EU have recognised this opportunity. The US has historically been a large producer of
renewable fuels through the federal RFS and BTC policies, augmented by several state-level programs. This has
been supercharged by the Inflation Reduction Act (IRA), attracting over 70% of announced SAF capacity to the
US. The EU is also progressing, with the Fit for 55 policy package including several complimentary supply and
demand side mechanisms. Notably, the EU has paired the ReFuel mandate with a contract-for-difference style
mechanism, funded through revenue from the ETS program. Within this context, UK-based airlines have devoted
significantly more investment and offtake agreements for SAF outside their home country.

The UK has a narrow opportunity to develop domestic SAF production and sustain the aviation industry in a low
carbon future. This report comprehensively shows that the UK has the resources to achieve this and highlights
the urgent need for policy to unlock the opportunities.
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2 Key findings

= Aviation context: Aviation is a key pillar of the UKs economic and social prosperity, contributed more than
£22 billion to GDP each year and directly employing over 230,000 people. As a hub for the global industry,
the UK operates almost 8.4% of global capacity, despite representing just 0.8% of the global population.
While UK terrestrial emissions halved between 1990 and 2019, aviation growth resulted in sectorial emissions
increasing by 137%. The industry has committed to net zero carbon emissions by or before 2050 at the
global, sectoral, regional, and individual levels. All mechanisms will be important to achieve this target, with
SAF likely to make the largest contribution by decarbonising the energy required.

= UK Energy context: The UK has made significant progress to decarbonise. Low carbon electricity provided
54% of UK electricity in 2021, equivelent to 24% of primary energy. In just a decade, wind and solar generation
in the UK has increased by 417% and reduced in cost so much that wind and solar are frequently the
cheapest form of generation available. The RTFO (Renewable Transport Fuel Obligation) supports reduces
5.25 MT of on-road CO2e (2020). The more stringent sustainability expectations for SAF and need to avoid
substitution of these fuels from road to sky means the SAF industry will require new technologies and policy
approaches to succeed.

= UK aviation emissions: The UK Government Jet Zero Strategy forecasts aviation emissions of 39 MT (million
tonnes) of carbon dioxide equivalent in 2030, decreasing to 29.5 MT in 2050. The remaining CO,e must be
addressed using in-sector (SAF) and out-of-sector (carbon removals) mechanisms to achieve net zero.

=  SAF Requirement: 1.2 MT of SAF will be required in 2030 to meet the government ambition, increasing to
7.0 MT by 2050 to achieve net zero (in a central case with 75% of residual carbon addressed through SAF).

= Current Outlook: Achieving 1.2 MT in 2030 will require additional facilities. Announced SAF capacity in the
UK is c. 0.6 MT, so at least 0.6 MT remains to be met by unnanounced capacity or imports — and more if the
announced facilities encounter delays or difficulties during development. Support policy mechanisms which
incentivise investment in SAF production will be required to scale up capacity.

*= Feedstock opportunities: There is adequate SAF feedstock in the UK. In the central estimate, this study
conservatively estimates feedstock availability for 3.5 MT SAF from waste and advanced feedstocks, and
1.9 MT from renewable electricity. The combined range is estimated at 2.7 MT to 9.3 MT. Alongside SAF,
almost 3 MT of renewable diesel and naphtha co-products would be produced, accelerating the
decarbonisation of the UK road, chemicals, and other sectors.

= Feedstock specifications: This study identifies and quantifies potential feedstocks, with strict sustainability
criteria excluding any crops or food. The feedstocks assessed include agricultural, woody, and municipal
wastes, advanced feedstocks such as algae, and renewable electricity. Most identified feedstocks are not
currently in use, as the technology to convert them to fuels has not yet been commercialised. The availability
of waste-based and advanced feedstocks is estimated at 0.48 EJ (exajoules), and rapid expansion of
renewable electricity generation could make 50 TWh/yr available for PtL (Power-to-liquid) SAF.

= Job creation: Building a SAF industry has significant potential to create jobs and economic growth.
Production of 0.6 MT SAF SAF in 2030 could create 10,350 jobs, including operators, construction, and
upstream. By 2050, this could increase to 60,000 jobs in the UK. By decarbonising aviation, a SAF industry
could sustain a further 210,000 aviation jobs in a carbon-constrained economy.

= Economic growth: By 2030, this analysis estimates that a SAF industry could contribute £1.8 billion in Gross
Value Added (GVA) for the UK, with much of this in the upstream activities. By 2050 this could increase to
£10.1 billion, of which £1.7 billion is direct/construction and the remainder in the upstream value chain.
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Recommendations

Ensuring Supply: The upcoming UK SAF mandate will stimulate demand, but this must be matched with
policies to ensure the feasibility of production. The ambition to supply this SAF without substitution from
on-road renewables or the use of feedstocks that compete with foods will constrain production to using
technologies that are still in the early stages of commercialisation. The cumulative technology, feedstock,
and revenue risk prevents investment, even with a mandate. Mechanisms to ensure revenue stability will be
essential to commercialise the emerging technologies the UK requires.

Ensuring access to feedstocks: Renewable electricity underpins the energy transition. Aviation must
encourage and support the deployment of low-carbon electricity, particularly from wind, solar, and nuclear.
A rapid build-out will increase the potential for PtL SAF and reduce the diversion of bio-feedstock for
electricity production. Airports, airlines, and other companies in the value chain should stimulate the market,
for example by purchasing REGO certificates, or building generation on site — as many UK airports are doing.

Short term scaling using waste fats and oils: HEFA and Co-processing technologies draw from a finite
feedstock pool but are commercially proven and will be important to kick-start the UK SAF industry. The UK
is current projected to suffer a severe shortage of SAF compared to the mid/mid-term mandate volumes.
No HEFA facilities have been announced in the UK at the time of writing. This stands in stark contrast to the
rest of the world, with HEFA representing over 70% of global announced SAF capacity. An important factor
is the proposal for a cap on the contribution HEFA can make to the UK SAF mandate. Ensuring any HEFA cap
is initially set sufficiently high will be important for the early industry deployment and will be highly unlikely
to ‘squeeze-out’ other SAF production technologies before 2030.

Catalysing the advanced ethanol industry: The global Alcohol-to-Jet (AtJ) industry has significant
ambition to scale, initially by leveraging the considerable 1 gen corn and sugarcane ethanol industries in
the US and Brazil. 2" generation ethanol from non-food cellulosic material offers improved sustainability
attributes but is challenging to produce. The exclusion of feedstocks that compete with food would limit UK
SAF to only 2" gen ethanol, compounding the technical challenge of cellulosic ethanol production with the
difficulty of AtJ production. Targeted measures could decouple the risk. Supporting the cellulosic ethanol
co-product revenue streams (such as biochar) reduces the dependence on SAF revenue for cellulosic
ethanol production. Allowing small volumes of 1** gen ethanol feedstock to be used in exceptional
circumstances would reduce price spikes for cellulosic ethanol, for example if several facilities reduce
production during maintenance. Ethanol from waste industrial gases has been shown as viable, but the
limited calendar viability proposed in the EU will hold back investment. The UK has an opportunity to improve
on this by linking the feedstock eligibility to a reasonable period after each facilities’ commissioning.

Supporting Fischer-Tropsch technologies: The UK has significant availability of Municipal Waste and other
solid biomass that could be used for FT facilities. These require considerable capital investments, and
revenue support policies will be particularly critical to seize this opportunity, alongside policies such as
capital grants and loan guarantees to support the investments (as used in the US). Accessing the relevant
feedstocks requires the support of local governments, which should be incentivised to facilitate feedstock
contracts. Recognising the balance between progress and perfection is important, and regulations across
the Cl requirement and waste-based/non-waste-based measurement should be structured with gradually
increasing stringency to ensure the industry faces a manageable set of challenges to address.

Facilitating deployment: The UK SAF industry is developing from a low base and will need to build up many
capabilities across the value chain, from construction to insurance and financing. This will take time, and
emphasises the need to implement a robust, clear policy environment to accelerate efforts and attract
international resources as soon as possible.
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3 Introduction and UK Context

3.1 Introduction

Aviation is currently responsible for 2.1% of all human-induced carbon dioxide (CO,) emissions' and up to 3.5%
of global warming with additional effects such as contrails2. Aviation has significantly reduced fuel consumption
per passenger kilometer travelled by improving efficiency, but this will not be sufficient to decarbonise the
industry. More must be done to avoid the worst impacts of climate change.

Recognising the need to accelerate efforts, the global aviation industry has committed to achieving net zero by
2050. Achieving this target will only be possible by decarbonising the fuel produced and consumed.
Decarbonising the fuel will require SAF to take the leading role. However, there is a long journey ahead with
commercial SAF only just starting production and no dedicated facilities currently under construction in the
UK.The UK will need to support a diverse range of feedstocks, technologies, and approaches. The country has
plentiful waste and residue feedstock, supported by globally leading knowledge, expertise, and the strong
renewable energy industry offering potential to scale power-to-liquids (PtL) SAF in the longer-term.

This document describes the context, evaluates the resources available, and shows several potential roadmaps
for the deployment of a UK SAF industry.

3.2 The UK has built a world leading aviation industry

The aviation industry underlies modern society, connecting over 1.5 people globally, with the UK acting as
a crucial hub. It enables businesses to conduct international operations, friends to come together over long
distances, and tourists to travel and explore.

The relative size and value of the UK aviation industry is far greater than the global average. In 2019, UK
aviation delivered over 843 billion Available Seat Kilometres (ASK) 3, equivalent to almost 8.4% of global capacity
despite representing only 0.8% of the world’s population. By contrast, the aviation activity per person is almost
double in the UK compared to similar European countries, with 12,700 ASK per person per year in the UK,
compared to 7,000 in France.

The industry brings considerable value to the country. The UK Jet Zero Strategy calculates that before
COVID-19, the aviation sector contributed more than £22 billion to UK GDP each year and directly employed at
least 230,000 people*. Alongside a vibrant airline industry, the UK also has a leading aviation manufacturing
industry, with more than 13,000 aircraft worth up to £195 billion produced in the country over the last decade®.
Key manufacturers, such as Rolls-Royce, Airbus, GKN, Thales, Boeing, BAE, and many other aerospace firms
operate in the UK.

1 Air Transport Action Group (ATAG) — Facts & Figures

2 Study published in 2020 in the Atmospheric Environment journal

3 0AG

4 UK Jet Zero Strategy

5 UK manufacturing statistics



https://www.atag.org/facts-figures.html
https://research.noaa.gov/article/ArtMID/587/ArticleID/2667/Aviation-is-responsible-for-35-percent-of-climate-change-study-finds
https://www.oag.com/historical-flight-data?hsLang=en-gb
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1095952/jet-zero-strategy.pdf
https://www.themanufacturer.com/uk-manufacturing-statistics/
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Mobility and connectivity are fundamental to a sustainable economy. Over a third of the UK’'s ex-EU trade
by value is sent by air, with air transport essential for perishable and time-sensitive goods such as food and
medical supplies®. Developing a sustainable way for the aviation industry to continue serving communities and
businesses will provide significant environmental, economic, and social benefit for the UK.

The value provided by the industry is expected to increase as the UK aviation industry continues to grow.
Strong demand for flights to and from the UK will compound the global demand for aircraft, systems, and
technologies manufactured in the UK. For example, the introduction of the Manchester to Beijing service in 2016
increased export values from Manchester Airport to China to £1.29 billion, created 11inward investment projects,
and increased inbound tourism by 38%’.

3.3 The industry must decarbonise to reach its full potential

If no action is taken, aviation will contribute an increasing portion of emissions. Global carbon emissions
increased by 62% between 1990 and 20198, while global aviation carbon emissions increased by 146%°. In the
UK, the inequality is even larger; UK terrestrial emissions decreased by 49.7% over the same period, while UK
international aviation bunkers increased by 137%"°. As other, easier to abate sectors reduce their emissions, it is
feasible that if no further action is taken aviation could become one of the largest sources of GHG emissions in
the UK.

There is considerable social pressure to decarbonise. There is a growing recognition that while aviation is a
small percentage of global emissions, it represents the greatest source of emissions for some individuals. To
illustrate, the average per-person emissions reported by the UK to the UNFCCC" was 7 tCO»e per capita in 2019"”
(for all domestic sources but excluding international aviation and marine), while IATA estimates'™ that a single
return economy-class trip LHR—SFO will emit 0.9 tCO,. This means that a passenger could create as many
emissions on a22-hour flight as they would in 1,130 hours of other activities. Additionally, a few international trips
can emit more carbon than the average UK resident in a year.

This pressure is translating to behaviour change. The Flygskam, or flight-shame movement, originated in
Sweden in 2018 and has quicklygained traction, encouraging people to use more sustainable alternatives to
aviation. Causality is difficult to assess, but there are few robust alternative explanations for the 4% decrease in
passenger numbers flying through Swedish airports and 9% decrease in domestic travel, particularly as the
main train operator in Sweden announced 1.5 million more tickets sales in 2018 compared to the previous year™.

5 Airlines UK
7 The China Dividend

8 Global CO2 emissions from fossil fuels & industry

9 European Parliament: Emissions from planes and ships

10 2020 UK Greenhouse Gas Emissions, Final Figures

11 ‘Territorial emissions’, which include emissions created within the UK border. It excludes international aviation and shipping, and the consumption emissions from
UK use of goods produced in other nations.

12 2020 UK Greenhouse Gas Emissions, Final Figures

13 |CAO carbon emissions calculator

14 Sweden sees rare fall in air passengers, as flight-shaming takes off

15 How Greta Thunberg and ‘flygskam’ are shaking the global airline industry



https://airlinesuk.org/about-us/
https://www.investinmanchester.com/dbimgs/FINAL%20COPY%20The%20China%20Dividend%20-%20Two%20Years%20In-ilovepdf-compressed.pdf
https://ourworldindata.org/co2-emissions
https://www.europarl.europa.eu/news/en/headlines/society/20191129STO67756/emissions-from-planes-and-ships-facts-and-figures-infographic#:~:text=By%202019%2C%20emissions%20from%20international%20aviation%20and%20shipping,sector%20in%20which%20emissions%20have%20risen%20since%201990.
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1051408/2020-final-greenhouse-gas-emissions-statistical-release.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1051408/2020-final-greenhouse-gas-emissions-statistical-release.pdf
https://www.icao.int/environmental-protection/Carbonoffset/Pages/default.aspx
https://www.bbc.co.uk/news/world-europe-51067440
https://www.marketwatch.com/story/flygskam-is-the-swedish-travel-trend-that-could-shake-the-global-airline-industry-2019-06-20
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Pressure is also growing from a finance perspective, with HSBC Bank reporting in 2019 that mentions of climate
change increased from 1.5 sentences per earnings call in 2018 to 6.5 in 2019'.

Airport expansion ambitions have been materially impacted. Airport expansion proposals at Heathrow,
Bristol, and other UK airports have been challenged in the courts on sustainability grounds™®,

The UK aviation industry has recognised the challenge. Targets have been established at the global, national,
and organisational scale, supported with varying levels of detail and initiatives. In February 2020, UK Sustainable
Aviation was the first aviation industry coalition to commit to net zero by 2050. At the global level, IATA,
representing the airline industry, has committed to net zero carbon emissions by 2050 in October 2021. This
was supported by the detailed Waypoint 2050 analysis and the associated study Fuelling Net Zero on SAF by
ICF. Representing the airport industry, ACl has committed to a long-term carbon goal of net zero by 2050. At
the national level, the UK Government announced the UK Jet Zero strategy in July 2022, which details the
country’s approach to achieving net zero aviation by 2050. The UK has enshrined the aviation emission
reduction target into law and has shown leadership by incorporating the UK's share of international aviation
emissions into the sixth Carbon Budget™.

The targets are translating into initiatives. The global and national targets have been endorsed by the whole
UK aviation industry. These targets are increasingly supported by well-considered plans to achieve them, and
capital, resources, and prioritisation given to sustainability initiatives.

Decarbonisation and growth are not incompatible. The technical, economic, and operational challenges are
daunting, but these challenges must be considered in the context of the value generated by the industry. ATAG
estimates that in 2019, aviation directly and indirectly enabled $3.5 trillion (£3.1trillion) in global GDP and emitted
915 million tonnes of CO, in the same year, suggesting an extraordinary economic benefit of $3,800 (£3,300)
per tonne of carbon emitted. In the UK, the Jet Zero strategy estimates £22 billion in direct GDP contributions
and the CCC estimate 39.6MT CO,e in 2019, suggesting a direct benefit of £555 (around $600) per tonne of
carbon emitted — not including the further £34 billion of aerospace exports from the UK. This provides a strong
rational for the growth of aviation but can only be justified if the industry can demonstrate a credible path to
decarbonise. Given the difficulty and uncertainty, the path will require evidenced by near-term achievement.

3.4 Efficiency is not enough — aviation must decarbonise the energy used

The aviation sector has continuously recorded significant efficiency gains, driven by the strong alignment of
financial and environmental incentives; with fuel costs representing around a third of total airline costs, fuel
economy is critical to profitability. Recognising this, manufacturers have invested over £120 billion in research
and development since 2009%°, and airlines have spent over £9.25 million on newer, fuel-efficient aircraft over
the same period. This has enabled fuel consumption and CO, emissions per seat kilometre to reduce by 54%
between 1990 and 20192

16 Climate issues becoming material for airline investors

17 Heathrow expansion blocked

18 Bristol airport expansion blocked

19 UK enshrines new target in law to slash emissions by 78% by 2035

20 Waypoint 2050

21 ATAG fact sheet 3: Tracking aviation efficiency



https://www.iata.org/en/iata-repository/publications/economic-reports/climate-issue-becoming-material-for-airline-investors-/
https://www.airportwatch.org.uk/2020/02/heathrow-expansion-blocked-by-court-of-appeal-ruling-nps-illegal-for-ignoring-impact-of-carbon-on-paris-agreement-obligations/#:~:text=Heathrow%20expansion%20blocked%20by%20Court%20of%20Appeal%20ruling,expand%20Heathrow%20was%20%E2%80%9Cunlawful%E2%80%9D%20on%20climate%20change%20grounds.
https://simpleflying.com/bristol-airport-expansion-blocked/
https://www.gov.uk/government/news/uk-enshrines-new-target-in-law-to-slash-emissions-by-78-by-2035
https://aviationbenefits.org/media/167417/w2050_v2021_27sept_full.pdf
https://aviationbenefits.org/downloads/fact-sheet-3-tracking-aviation-efficiency/
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These efficiency improvements are visible in the elegant curves of newer aircraft representing improved
aerodynamics, and the high bypass ratios of modern engines improving propulsive efficiency. Many further
material, structural, system, and other improvements further contribute. There are considerable opportunities
to sustain these incremental improvements, as seen by announced future aircraft, engine, and research
programs. While some of the easier opportunities have already been addressed, the growing size of the industry
has also increased the reward for improvements, allowing greater capital to be focused on sustaining efficiency
improvements. Sustainability considerations will also play a role, with increasing carbon costs and sustainable
fuel mandates further incentivising fuel efficiency. As the reward for fuel efficiency increases, it may allow
engineering firms to take on the development risk for more advanced configurations, such as open rotor engines,
truss-braced wings, or blended bodies.

These technical improvements can be augmented by operational changes, such as cruising at lower speeds,
saving fuel but increasing block times. Other operational improvements require investment in infrastructure,
such as air navigation service providers (ANSPs) and airports, to allow more efficient routings, smooth ascent
and descent into airports, better taxiing, and many other changes. In a white paper by the UK CAA for COP26,
these improvements were estimated to offer emission reductions of up to 8%%.

The potential contribution from improved technology and operational efficiencies can be seen in the analysis
by the UK Jet Zero Strategy. Coupled with a slight reduction in growth due to the higher cost of aviation resulting
from the cost of carbon, this analysis shows around a 45% reduction in UK aviation industry emissions? by
2050, compared to the baseline.

Research also clearly shows the limits to the extent that we can rely on efficiency improvements to decarbonise
the industry, particularly in the context of sustained growth and the long industry asset turnover cycles. Even
with reduced growth and efficiency improvements, slightly over half of the UK industry emissions remain, which
must be addressed through lower-carbon fuel use or out-of-sector measures. Adoption of more efficient
operations, aerodynamics, propulsion, and systems will make the task to decarbonise manageable but cannot
solve it alone. A key contributing factor will be the decarbonisation of the energy used. .

3.5 SAF must be part of a portfolio approach to decarbonise aviation

There are four major approaches that can be used to decarbonise the energy used by aviation: electricity,
hydrogen, bio-SAF, and Power to Liquid SAF (PtL). A summary of the main advantages and disadvantages of
each is given below, which illustrates the key role SAF will play in the decarbonisation of UK aviation.

Electric aircraft will predominately impact short range aircraft in the mid/long-term. The regional market
represents a significant number of flights, but a low portion of emissions. Research commissioned by the UK
Government and UK Climate Change Committee (CCC) stated that larger (>71 seats) all-electric aircraft are
unlikely to be in service until after 2050, and thus cannot offer meaningful emission reductions in the short or
medium term?4. A key challenge is the battery weight; while jet fuel provides over 40 MJ of energy per Kg of
weight, the best batteries today provide less than 1 MJ of energy per Kg weight. This impact is compounded as
conventional aircraft get lighter during the flight as they consume fuel, while the weight of batteries remains the

22 Equipping Aviation Requlators to Decarbonise Air Transport and Tackle Climate Change

2 This varies by scenario. These values use the average of Scenarios 2, 3 and 4, which represent the scenarios modelling a ‘do something’ outlook.

24 Understanding the potential and costs for reducing UK aviation emissions



https://caainternational.com/wp-content/uploads/2022/01/CAAi_White_Paper_Decarbonising_Air-Transport.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/785685/ata-potential-and-costs-reducting-emissions.pdf
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same. This limits their mid-term application to regional, short-haul and novel applications, such as air-taxis. In
the UK, the 2ZERO project received a share of £30m from Future Flight Challenge to demonstrate hybrid-electric
aircraft on regional routes in the South-West?®. This will see an electric aircraft being based at Cornwall Airport,
Newquay, and energy used to charge batteries generated by an adjacent solar farm. The same project saw
Ampaire, a leader in electric aviation, demonstrating the first hybrid electric flights in Scotland during summer
2021%. Virgin Atlantic have partnered with Vertical Aerospace, based in Bristol, to purchase up to 150 electric
zero emission vertical take-off and landing (eVTOL) aircraft?’.

Hydrogen will become increasingly important as supply and demand challenges are solved. Approximately 100
million tonnes of hydrogen are currently consumed by refineries, fertiliser production, steel, and other industries,
with almost all produced from natural gas, creating approximately 9 Kg of CO2 per 1 Kg of hydrogen.
Decarbonising existing and future demand will require a significant build-out of renewable electricity and
electrolyser production (Green), and Carbon capture and sequestration (Blue), alongside new infrastructure for
transport, storage, and distribution.

Currently there are no hydrogen aircraft in commercial production, although several companies are working
towards this goal. British Airways partnered with ZeroAvia in the UK to speed up the switch to hydrogen-
powered passenger aircraft, and recently completed the world’s first hydrogen fuel cell powered flight of a
commercial-grade aircraft?®, Rolls-Royce and easyJet announced a partnership to develop hydrogen
combustion engine technology, aiming to demonstrate the use of H, to power a range of aircraft from the mid-
2030s onwards?®. Developing and deploying hydrogen aircraft will take time.

Bio-SAF is SAF produced from biological feedstocks, such as waste oils, fats, agricultural, woody and municipal
residues. The low weight and volume required to store energy as kerosene make SAF ideal for flight. As a drop-
in fuel, SAF can be used with no change to the infrastructure and to the aircraft used today. The production
technologies are proven to be safe, and need to be commercially scaled.

Power to Liquid SAF is a production approach using renewable electricity and hydrogen as the feedstocks. This
could alleviate constraints on bio-feedstock availability, although is currently more expensive. Conversion into
SAF uses the same technologies as bio-feedstocks, allowing PtL to leverage cost reductions achieved alongside
the scaling of bio-SAF, cost reductions in direct air capture (DAC), and green hydrogen production.

3.6 Quantifying the role for SAF in the UK

Reduced use of jet fuel will be critical to reduce the challenge for SAF. Sustainable fuels are no silver bullet
and will be challenging to scale. Accelerating the deployment of more efficient aircraft and zero-carbon aircraft
(such as hydrogen and electric) is a pre-requisite, but these solutions are forecast to leave considerable
emissions unabated.

In sector emissions: The UK Jet Zero Strategy allocates 38.1 million Tonnes CO2e (MT CO2e) from civil aviation
in 2019, with a further 11-1.2 MT CO2e from military aviation. While the Jet Zero strategy excludes military, this

25 27ERO - Towards Zero Emissions in Regional Airline Operations

26 Ampaire Demonstrates First Hybrid Electric Aircraft in Scotland

27 Virgin Atlantic partners with Vertical Aerospace

28 British Airways & ZeroAvia partnership

29 easyJet and Rolls-Royce partner on hydrogen technology demonstrator programme



https://www.nottingham.ac.uk/aerospace/projects/2zero-project/index.aspx
https://www.suasnews.com/2021/08/ampaire-demonstrates-first-hybrid-electric-aircraft-in-scotland/
https://corporate.virginatlantic.com/gb/en/media/press-releases/virgin-atlantic-partners-with-vertical-aerospace.html
https://mediacentre.britishairways.com/pressrelease/details/86/0/12673
https://www.rolls-royce.com/media/press-releases/2022/19-07-2022-easyjet-and-rr-pioneer-hydrogen-engine-combustion-technology-in-h2zero-partnership.aspx?sc_lang=en
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analysis has broadened the scope to include them as the RAF has committed to Net Zero by 2040%, and their
initiatives will interact with the civil sector; from trials with electric aircraft® to consumption of sustainable
fuels®2. Assuming no change to military emissions® and no improvements above the continuation of current
trends baseline, aviation emissions would increase to 52.2 MT CO2e in 2050 (+ 36%), while passenger numbers
increase from 275 million in 2019 to 465 million in 2050. The Jet Zero Strategy models three improvements to
abate emissions below this level:

1. Reduced demand due to carbon price: The strategy assumes the aviation carbon price increases to
£346/tonne CO2 in 2050. While this supports the adoption of more efficient aircraft and low carbon
fuels, it also increases the cost of flying and therefore reduces demand. As a result, the assumed carbon
emissions in 2050 are forecast to reduce by 13.9 MT CO2e (27% of the 2050 abatement).

2. More efficient aircraft: The Jet Zero strategy assumes slightly greater aircraft efficiency improvements,
reducing emissions by 7.9 MT in 2050 (15% of 2050 abatement).

3. Zero-emission aircraft: Hydrogen and electric aircraft enter the commercial fleet in 2035, gradually
replacing aircraft where viable. These reduce 2050 emissions by 2.1 MT CO2e (4% of 2050 abatement).

Despite these measures, this leaves a further 29.534 MT in-sector CO2e that must be abated in 2050.

Out-of-sector emissions: The UK Jet Zero Strategy accounts for fossil jet fuel emissions using the Greenhouse
Gas Protocol (GHGp), allocating tank-to-wake emissions (from the combustion of the fuel) to aviation, and the
well-to-tank emissions (from the extraction, transport, refining of fuel) to the sectors in which they are emitted.
Carbon accounting for the UK aviation sector must recognise these upstream emissions — and the role that
each mechanism can contribute to abate them. Carbon pricing and more efficient aircraft are equally effective
at reducing the upstream emissions. Zero-emission aircraft will only contribute zero upstream emissions if zero-
carbon electricity/hydrogen is used.

The upstream emissions have been estimated using the ICAO global benchmark of 89 gCO2e/MJ jet fuel, which
implies that in the base case an additional 12.7 MT CO2e is emitted from upstream sources in 2050, reducing
to 7 MT CO2e after the impact of carbon price, aircraft efficiencies, and Zero-emission aircraft are included.

The Jet Zero Strategy diverges from the GHGp when accounting for the emissions reduction of SAF. The GHGp
currently recommends that renewable fuels are assumed to have O in-sector (tank-to-wake) emissions, with
the residual emissions recorded separately. To reconcile more closely with reality, the Jet Zero Strategy
assumes the in-sector emissions are reduced by the average GHG reduction of the SAF. This difference is
important as it means the upstream emissions reduction from SAF is not captured in the Jet Zero Strategy. To
align with the Jet Zero Strategy, the same approach has been used in this analysis, with the full emissions scope
illustrated below.

30 A Net Zero RAF by 2040

31 RAF takes key step on path to Net Zero 2040 with electric aircraft trials

32 Project MARTIN - Defence goes green

33 The UK RAF has committed to Net Zero emissions by 2040. This analysis has assumed that delivering capabilities is prioritised over decarbonisation, leaving the
RAF to focus on renewable drop-in fuels (SAF). This may be conservative, as some military aircraft such as trainers my be able to use zero carbon technologies.

34 28.4 MT from civil aviation, 1.1 MT from military aviation


https://www.raf.mod.uk/news/articles/a-net-zero-raf-by-2040/
https://www.raf.mod.uk/news/articles/raf-takes-key-step-on-path-to-net-zero-2040-with-electric-aircraft-trials/
https://www.aerosociety.com/news/project-martin-defence-goes-green/

UK Sustainable Aviation SAF Roadmap

The UK aviation in-sector emissions remaining after carbon impacts, fleet
efficiencies and zero-carbon aircraft is 39 MT in 2030, decreasing to 30 MT in 2050
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The measures outlined in the Jet Zero Strategy will reduce the demand for aviation fuel. While 12.4 million tonnes
of aviation fuel were consumed in 2019, the carbon impacts, fleet efficiencies and zero-carbon aircraft are
forecast to reduce the demand for fuel over the next decades. Applying the decrease to the jet fuel volumes
reported by the DfT implies a reduction in demand to 12.3 MT in 2030 and 9.3 MT by 2050.

UK Aviation Fuel demand is forecast to decrease from 12.4 million tonnes in 2019 to
9.3 MT in 2050, reducing the volume of SAF required to decarbonise aviation
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Source: UK Department for Transport Statistics, National Atmospheric Emissions Inventory (NAEI) team.
Extrapolated using the Jet Zero Strategy.
Notes: Including Military. Jet fuel only; excludes energy use from zero-carbon aircraft
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A greater reduction may be possible, as the impact of COVID-19 is not fully captured; the Jet Zero strategy
records a 10% drop in CO2e in 2020 vs 2019, compared to the 60% drop in fuel consumption reported by the
DfT. Reducing the scope to exclude military fuel use would further reduce the calculated jet fuel demand.

The UK context - implications:

Aviation is a key pillar of the UKs economic and social prosperity, contributing more than £22 billion
to GDP each year and directly employing over 230,000 people. As a hub for the global industry, the
UK operates almost 8.4% of global capacity, despite representing just 0.8% of the global population.
The value provided by the industry will continue to increase as the industry grows.

Aviation represents 2.1% of global carbon emissions. While UK terrestrial emissions halved between
1990 and 2019, the strong growth of the aviation sector resulted in emissions increasing by 137% over
the same period. The UK aviation industry must decarbonise for the country to achieve its climate
ambitions.

The industry has stepped up to this challenge, committing to net zero carbon emissions at the global,
sectoral, regional, and individual levels.

There is no silver bullet, and all mechanisms are crucial, including efficiency improvements, electric,
hydrogen and hybrid aircraft, and sustainable aviation fuel. To avoid the most catastrophic impacts
of climate change, SAF must play a significant role.

Many companies have implemented sustainability initiatives, but the use of SAF in the UK continues
to be extremely limited. Several UK airlines, including British Airways and Virgin Atlantic, have made
commitments and investments to purchase SAF in the US, building on the supportive federal and
state policy schemes. The domestic industry in the UK must be catalysed through additional policy
mechanisms and clarity.



4 The UK Energy context
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4.1 Energy must be considered in the wider context

While aviation represents only 2.1% of global carbon emissions and a similar portion of global energy
consumption, it represents a much higher portion of energy consumption in the UK — both because the UK has
a relatively carbon-efficient, service economy, and because the UK is the hub for a large aviation industry. Since
2000, the portion of energy consumption by aviation has grown from 8% to 10%, driven by the increased
efficiency in other sectors and aviation growth.

UK energy consumption in 2000 and 2019, by sector

% of total UK energy consumption

2000

m Air transport

[ Transport other
M Industry

m Domestic

W Services

The UK has made significant progress to decarbonise the energy consumed, becoming a world leader in wind
power. In 2021, low carbon electricty (renewables and nuclear) provided 54% of electricity consumed, but just
24% of primary energy in the UK. To fully decarbonise the UK, more industries must transition to use electricity
(e.g., through electric vehicles and heat pumps) and the electricity used must be decarbonised. This
compounding challenge makes it crucial to ensure the best approaches are used for each industry.

Considerable gas and oil consumption must be displaced by renewables

Exajoules of energy consumption, UK
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Source: BP Statistical Review of World Energy June 2022
Note: Renewables are measured on an input-equivalent basis, i.e, the EJ of input fossil energy that
would be required to generate the equivalent amount of energy
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When viewed independently, the rapid scaling of low carbon electricity is clear. Since 2010, the total generation
of low carbon energy in the UK (including nuclear and hydroelectric) has increased by 109%. Excluding nuclear
and hydroelectic, the other renewables have increased by an incredible 417% over the same decade.

The UK has rapidly scaled zero-carbon energy, particularly wind generation

Terawatt-hour of energy generation, UK
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The use of energy is crucial. The majority of renewable energy in the UK is used to decarbonise the electricity
grid, primarially due to the ease of substitution and economic advantages. Other sectors have seen a much
slower transition to clean energy, for example the road sector, which has many more hurdles to substitution
(complete asset replacement of ICE cars to electric vehicles), lower incentives (road is currently not covered
by the ETS, although this may change®®), and less structured buying decisions of the public compared to
corporations. As a result, the UK emissions from transport overtook the UK emissions from the power sector in
2016%, and have continued to grow faster since (although this temporarially reverted during COVID).

The UK already has several policies to decarbonise the road sector, particularly through electric vehicles (EVs)
and on-road biofuel use. The UK Renewable Transport Fuel Obligation (RTFO) mandates that an increasing
portion of renewable fuels must be blended into road fuels. In 2020, the required blend rate was set at 10.637%
of fossil and renewable fuels used in road transport , and will gradually increase each year.

A significant volume of the feedstock used to produce fuels for road under the RTFO are also feasible feedstocks
for SAF production. In 2020, Used Cooking Oil (UCO) was the largest feedstock for RTFO fuel production,
contributing 50.5% of supply, while no other feedstock contributed more than 7% of the supply. UCO is widely
used and desirable for SAF production due to the low technical risk for conversion to renewable fuel (Hydro-
processed Esters and Fatty Acids, HEFA, or co-processing pathways), high carbon reduction potential, and ease
of transportation. Ethanol can be blended directly with petrol (e.g, E10), and is also an important feedstock for
SAF, with considerable announced capacity using the AtJ pathway (particularly by producers such as LanzaJet
and Gevo). As the SAF market develops this will be advantageous to ethanol producers as it will provide an
additional market to sell into, however, it will also require SAF producers to be able to offer higher value (or
offtake security) compared to the road market to gain a supply of ethanol. Supplying the volume of UCO and
ethanol to meet the RTFO obligation (particularly as it continues to increase) exceeds the supply available in

35 Developing the UK ETS

36 Transport and environment statistics



https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1067125/developing-the-uk-ets-english.pdf
https://www.gov.uk/government/statistics/transport-and-environment-statistics-autumn-2021/transport-and-environment-statistics-autumn-2021
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the UK, requiring significant imports. In 2020, just 12% of renewable fuels were supplied by the UK, with other
top supplying countries including China, USA, Spain, and France.

These challenges emphasise the difficulty to scaling the biofuels industry, particularly in the context of total oil
use in the UK. As shown below, the current biofuel use is a fraction of the oil used for on-road transport, which
itself is a small portion of oil used for all modes of transportation, materials, and other industries. Even with
increased efficiency and technologies to utilise a wider range of feedstocks it will not be possible to scale
biofuels to displace all oil use in the UK. The feedstocks and fuels must be targeted to the sectors where they
can have the most impact.

Renewable liquid hydrocarbon fuel represents a fraction of total UK oil consumption
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Policies to decarbonise other sectors that may look to biofuels but have access to economic and feasible
alternatives are therefore indirectly crucial to decarbonise the aviation industry. It is particularly encouraging to
see the development of UK policy to ban the sale of new petrol and diesel cars from 2035 and the accelerating
of EV sales. In 2021, 190,000 battery powered EVs were sold in the UK, more than the five previous years
combined, representing almost 1in 8 new cars sold®.

The SAF industry is also linked to the road sector by many facilities producing fuels for use in several markets.
Hydrocarbons such as naphtha, petrol, jet fuel, and diesel contain many different types of molecules, with a
range of properties. Two particularly important properties are the carbon chain length and the boiling point, with
the carbon chain length and boiling point of jet fuel overlapping somewhat with petrol, and significantly with
diesel. This overlap means that every facility will produce a blend of products, which must then be separated.
Due to the considerable overlap with diesel, it is generally possible for a facility to produce diesel with no jet
fuel, but rarely jet fuel with no diesel. This also impacts the economics. If a facility aims to maximise the
production of jet fuel, then it must shift the production distribution to shorter carbon chain lengths than diesel,
which also results in more naphtha and light ends. These have a lower market value and are sometimes not
eligible for incentives. Separating and processing jet fuel also requires some additional infrastructure, which
together with the product distribution dynamics means that in the absence of regulatory value, renewable diesel

37 Taking charge: the electric vehicle infrastructure strategy
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is always more profitable to produce than SAF. As a result, the renewable diesel market today is quite developed,
while the SAF market is nascent.

Building a SAF industry is incremental to the existing UK renewable fuel industry and must consider this context.
In the absence of regulation or a meaningful premium by offtakers, other renewable fuels will always be more
profitable, and (as today) very little capacity will produce any SAF. While UK SAF production is increasing from
almost zero, demand for the most desirable feedstocks is significant. The UK already imports considerable
feedstocks to meet the RTFO and it is reasonable to expect that the competition for these feedstocks will
rapidly increase; for example, as the EU ReFuel mandate diverts feedstocks to the EU, as the US Inflation
Reduction Act increases the desirability of US domestic production and use of SAF, and as other facilities (such
as the Neste SAF refinery in Singapore) increasingly use feedstocks closer to their source.

4.2 Additional pathways will allow access to wider feedstock opportunities

Current biofuel production almost exclusively uses fats, oils, and greases. Expanding the industry will require the
commercialisation of additional pathways to widen the feedstock pool that can be accessed. The American
Society of Testing and Materials (ASTM) has certified pathways for 7 pathways and 2 co-processing pathways,
which allow hundreds of combinations of feedstocks, pre-processing, and conversion for SAF production.
Commercialising all available pathways will be crucial to ensure the industry can access sufficient feedstock to
sustainably grow.

There are 9 ASTM approved pathways for SAF production
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The UK energy context - implications:

The UK has made significant progress to decarbonise energy by becoming a world leader in wind
power. In 2021, low carbon electricty provided 54% of UK electricity consumed, equivelent to 24% of
primary energy.

In just a decade, wind and solar generation in the UK has increased by 417% and reduced in cost to
the extent that such as wind and solar now the cheapest form of generation available.

The UK has developed a vibrant on-road biofuel industry, but this represents a fraction of total liquid
hydrocarbon use in the UK. Future decarbonisation will require additional technologies to be
commericalised to allow the feedstock pool to be expansed, and policies to ensure limited resources
are used to decarbonise the industries where direct electrification is not possible — including aviation.



5 Market outlook and UK requirement
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5.1 Global market outlook

In 2022, global SAF production was less than 0.1% of jet fuel, with just 240,000 tonnes of production®. The Net
Zero carbon emissions from aviation target established by IATA, set into law by the UK, and adopted by the
airlines operating from the UK will require approximately 400 million tonnes of SAF globally by 2050. This will in
return require extremely rapid deployment, compounded by technical, economic, and policy uncertainty. There
is an expectation that slow initial growth in SAF production capacity will accelerate as technologies are de-
risked and become more affordable. As a result, 2030 ambitions have universally been set with the assumption
of accelerated growth in the subsequent two decades. For example, the EU are discussing 6% SAF by 2030
through ReFuel, the US has set a 2030 goal for 3 billion gallons of SAF (c. 15%), and the UK is developing policies
to achieve 10% SAF by 2030.

The market outlook is complicated by multiple contributing factors, so this report has focused on a comparison
between announced facilities and announced targets. At the time of writing, meeting the ambitions in the US,
EU, and UK will require c. 14 million tonnes of neat SAF by 2030, with the expectation that this will significantly
increase as many more countries look to scale use of SAF. For example, it seems likely that Turkey, Australia,
New Zealand, Japan and others will make commitments in the near future.

The volume of announced SAF capacity is currently much lower than this. Production should expand as
additional facilities are announced over the coming years, however the long lead times for new facilities means
that most capacity operating by 2030 will have been announced by 2025-2027. Equally, many announced
facilities may not achieve operation, with a myriad of possible technical, commercial, and other challenges that
each must overcome.

Global SAF demand far exceeds announced SAF production
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Source: ICF Tracking of public announcements, Discussions with producers

This comparison suggests that ambitions for SAF currently exceed the announced capacity, and that a very
rapid build out of SAF capacity will be required for sufficient facilities to be commissioned to achieve these
targets.

38 https://www.iata.org/en/pressroom/2022-releases/2022-12-07-01/
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Announced global capacity for grouped SAF technologies suggests rapid scaling of
HEFA, followed by AtJ later in the decade
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The announced capacity is dominated by production from HEFA facilities. This technology offers comparatively
low technical risk and capital costs, and existing fossil-based facilities can be retrofit to use this process.
However, global feedstock for this pathway is constrained, with much demand from other industries and limited
potential to expand supply, which will constrain the growth of the HEFA pathway.

There is significant Alcohol-to-Jet (AtJ) production capacity expected to come online mid-decade. Essentially
all this capacity will use ethanol derived from crops such as corn and sugarcane. The UK RTFO development fuel
classification and EU RED Il Annex IV exclude feedstocks that compete with foods, so this announced growth is
almost entirely in the US. Cellulosic ethanol (biofuel produced from lignocellulose found in plants) presents a
more sustainable alternative (and would be eligible for SAF in the RTFO and RED II), although very limited
capacity is currently operational. The combined technical risk to develop both cellulosic ethanol and the AtJ
process are likely to result in cautious deployment in the UK, although this may accelerate as the AtJ pathway
is de-risked using corn ethanol in the US.

Other pathways, particularly Fischer Tropsch (FT), HTL, Pyrolysis, and PtL, have less announced capacity by
2030. This is driven by three factors: the technical risks remaining, the high capital cost, and the small size of
each facility. The contribution of FT SAF is expected to accelerate as the technical challenges are reduced and
as the policy environment increasingly supports the large requirement for capital investments.

With the UK policy capping the contribution from HEFA and excluding the use of crop-derived ethanol for AtJ,
the focus is on this ‘other’ group, which represents a fraction of global production, and presents unique
challenges to growing the UK market.

Global market outlook summary
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= The HEFA pathway will dominate global capacity by 2030. The comparatively low technology risk, capex
investment, and ability to retrofit obsolete fossil facilities make this a viable investment in an uncertain
market. The large facility sizes and known technology enable significant capacity to quickly come online.

= The AtJ pathway is likely to be proven in the US using corn ethanol. While the UK and EU regulations are
not supportive for this approach, both regions may be able to leverage the de-risking conducted in the
US and scale AtJ at a more conservative pace using cellulosic ethanol.

= FT and other pathways hold significant promise but require further development and support to offer
viable risk-adjusted returns. The technical challenges and small facility sizes limit the contribution from
these approaches by 2030.

= The PtL pathway is an emerging technology and will likely augment the waste and advanced feedstocks
over the mid/long term. Very little capacity has currently been announced due to the high cost of
production, technical challenges, and policy uncertainty.

5.2 UK market outlook

5.2.1 SAF demand

Section 3 illustrates the UK demand for jet fuel evolving from 12.4 MT in 2019 to 9.3 MT in 2050. There are two
main approaches to decarbonise the emissions from this fuel:

1. Use of SAF to reduce in-sector and upstream (TTW and WTT3®) emissions, which will depend on the
volume of SAF consumed

2. Out-of-sector measures, such as carbon removals.

The most likely situation will be a blend of both approaches, with the contribution determined by policy,
economics, technologies, and potential scaling constraints. Given the critical role of policy, this analysis will align
SAF demand to the UK Jet Zero Strategy ambition of 10% SAF in 2030 and 75% SAF in 2050, as shown in the
following graph. The residual emissions will be addressed through out-of-sector measures.

3 TTW = Tank-to-wake emissions, i.e. those produced during combustion. WTT= Well-to-tank, i.e., during the refining and transport of fuel.
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This analysis forecasts SAF demand at 1.2 MT in 2030, increasing to 7 MT by 2050
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Note: This ICF analysis is based on the UK Jet Zero Strategy, with adjustments to include

military aviation
This analysis has leveraged the UK Government’s Net Zero strategy, which uses different assumptions to the UK
Sustainable Aviation (SA) Net Zero Carbon Roadmap, including differences on the industry growth rate,
efficiency of new aircraft, and deployment of zero-carbon aircraft. Both analyses assume a similar role for SAF
compared to out-of-sector mechanisms. The following diagram compares the SAF requirement calculated from
these two approaches, and shows that while the results closely reconcile, the UK SA Net Zero Carbon Roadmap
does show a slightly slower ramp rate but higher peak in 2050. The supply-side calculations show both sets of
results to facilitate comparison.

The analysis in this report closely reconciles to the UK Sustainable Aviation
Roadmap, although with a slightly flatter ramp-rate and lower peak
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Note: SA = Sustainable Aviation. The remainder of the report focuses on the UK SA
Net Zero Carbon Roadmap to align with the higher requirement.
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5.2.2 SAF Carbon Intensity

The volume of carbon removals will be determined by the carbon intensity of the SAF. This represents the
emission reduction of the SAF compared to fossil fuels, where the fossil fuel baseline was assumed to be 89
gCO,e/MJ*, Fuel emissions are measured across the lifecycle, from the well to wake, with the final emissions
calculated as the sum of the sources and sinks created during the fuel origination, production, transport,
consumption, and other processes. In addition to the feedstock and pathway used, there are many approaches
to drive up the emissions reduction from SAF, including:

Emissions intensity of process inputs: The energy used to produce SAF can be lower emissions if
renewable electricity is used, if natural gas is substituted with renewable natural gas, and any hydrogen
used is green or blue hydrogen.

Process efficiencies: Reducing the inputs required to produce SAF will reduce the CI of the product.
Efficiencies can be gained at many points through the process and may also include fewer emissions
from the transport of feedstock or product, for example by using ship, pipeline, or rail instead of road.

Feedstock growth: Reducing the emissions associated with feedstock will further reduce the SAF ClI,
for example through an increase in soil carbon from contributions associated with feedstock growth.

Carbon capture: Process emissions can be captured and sequestrated to significantly reduce
emissions.

The carbon reduction from SAF can vary from a small reduction to significantly over 100%, i.e., a carbon negative
fuel. Carbon negative fuels are already feasible, and several SAF facilities in the development process are
expecting to achieve this. Two examples have been given below to illustrate the calculations:

1.

A SAF facility using Municipal Solid Waste: The emissions reduction for a facility is typically measured
against the baseline emissions if no facility is built, i.e, how the waste would otherwise be managed. In
the feedstock analysis, this study has only counted organic municipal waste currently sent to landfill,
which would degrade in the absence of oxygen to produce methane. Although most methane is
captured, it is virtually impossible to capture all landfill gas, resulting in fugitive methane emissions. The
much higher warming effect of methane compared to carbon dioxide means that a significant emissions
reduction can be achieved by building a SAF facility to convert the MSW into SAF, avoiding the methane
emissions. In many cases, the avoidance of methane can result in an emissions reduction significantly
over 100%.

A SAF facility capturing process emissions: Many SAF production processes are catalytic, resulting in
incomplete conversion of the feedstock into products. As a result, it is often practical to separate the
carbon that is not converted and sequester it. As the carbon stream is often highly concentrated, this
process is much cheaper than capturing the carbon from the atmosphere. During the carbon
accounting process, the carbon sources and sinks are allocated to the end product, so the carbon
sequestered is recorded as a reduction to the SAF carbon intensity (mirroring the accounting of
process sources such as fossil electricity use to increase the SAF Cl). If significant carbon is captured
and sequestered during the production process, then the SAF can also be significantly net negative.

40 Sustainable aviation fuels mandate: A consultation
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It is crucial that policy recognises the variability of the SAF Cl and rewards producers that achieve a greater
emissions reduction. For example, capturing and sequestering process emissions requires investment in
additional infrastructure, carbon transport, and sequestration site permitting, and if there is little or no incentive
then the producer may choose to emit the process carbon to the atmosphere, resulting in a higher Cl but
cheaper fuel.

In this analysis, a central case for the Cl has been modelled with an emissions reduction starting at 65% which
aligns with the most selected minimum required SAF carbon intensity reduction in the SAF mandate
consultation responses (question 124). Emissions reductions increase over time, with the low SAF emissions
reduction being 85% in 2050, the average 100%, and a more ambitious scenario increasing reductions to 115%,
as outlined below. As these are averages, the scenarios will include a portion of carbon negative SAF to
compensate for any with residual positive emissions.

The SAF carbon intensity is assumed to increase from 65% to 100% by 2050
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The SAF carbon intensity is measured across the full lifecycle (Tank-to-Wake), meaning that both the emissions
during combustion and the upstream (out of sector) emissions are reduced by this factor. The carbon abated
by SAF, and the residual emissions are shown in the following diagram, with the upstream emissions illustrated
to provide context.

4! Sustainable aviation fuels mandate consultation
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In the central case (75% SAF % 100% GHG reduction by 2050) the residual in-
sector emissions are 7.4 MT CO2e, with over 27 MT CO2e abated by SAF

Million Tonnes of CO2

Notes: While this shows a further
the energy sector. There are a great many initiatives to reduce the upstream emissions, and given the Net
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.8 MT COZ2e created upstream, this assumes no emission reduction in

Zero commitments by energy companies these upstream emissions should taper to zero. This analysis
has retained them to emphasise the need for all industries to contribute to the energy transition.

5.2.3 Announced UK supply

As of August 2022, there are at least 9 SAF projects under development in the UK, accounting for publicly
announced facilities and Green Fuels, Green Skies (and subsequent Advanced Fuels Fund) competition
winners“Z The majority of the announced projects use the Gasification + Fischer-Tropsch (Gas+FT) and Alcohol-
to-Jet technologies.

Projects planning to use Gas+FT will be developed by Velocys, Fulcrum, Advanced Biofuel Solutions Ltd
(ABSL), and Alfanar. These four facilities will be converting waste into syngas, then syngas to SAF via the
Fischer-Tropsch process.

The second most common technology for announced SAF production in the UK is AtJ, with the supply
chain including Nova Pangaea Technologies (producing cellulosic ethanol), LanzaTech (producing
ethanol and SAF from waste carbon gases) and Carbon Engineering (capturing carbon from the
atmosphere). LanzaTech has announced two projects, one using ethanol from biogenic wastes and
industry flue gases to produce SAF, and the other using direct air captured CO; and hydrogen. The latter
will be in collaboration with Carbon Engineering, a leading Direct Air Capture (DAC) company. Nova
Pangaea Technologies will use woody residues to produce SAF.

Although HEFA is the most common production pathway today, there are no announced projects in the
UK using this pathway, driven by the policy uncertainty around a cap on the volume of HEFA production
that will be eligible. Only the ongoing Phillips 66 production by co-processing used cooking oil is doing
anything similar, and this has been approved under a different ASTM annex. The FIREFLY project by
Green Fuels, Petrofac and Cranfield University will explore feasibility of a novel pathway to produce SAF
from sewage sludge through hydrothermal liquefaction (HTL), which is currently under development and
requiring ASTM certification.
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There are several SAF projects at different stages of development in the UK,
mostly focused on the AtJ and FT pathways

Approved Under
pathways certification
HEFA/Co-processing AtJ Gas+FT PtL®) HTL

1. Lanzatech
Philips 66 2. Carbon 1. ABSL

Note ambitions:

Project developer(s) (Co-processed Engineering g F‘:,I{::‘:‘,:-, ! Scotéltzl:z:;vaer i Gé::;iﬂs
4

HEFA) 3. Nova ga
Pangaeal? Velocys 2.Acorn Project

Biogenic wastes,

woody residues, MSW, residual
industry flue waste and
gases, DAC, industrial waste

water (hydrogen)

Used cooking oil,
inedible tallow,
other waste fats,
oils, and greases

Renewable

electricity Sewage sludge

Example Feedstocks

Notes: (1) Including GFGS competition winners (2) Nova Pangaea produce cellulosic ethanol which will be processed
by LanzaJet. (3) PtL has been shown stand-alone, but would use the ASTM certified AtJ or FT-SPK pathways for SAF
production. PtL may also use the methanol route, which is not yet certified.

Sources: https://ee.ricardo.com/gfgs

Only one facility in the UK is currently producing SAF (Phillips 66, using co-processing in the Humber). Eight
more facilities have been publicly announced for the UK, and are set to begin production over the coming years.
In total, the announced facilities have the potential capacity for up to 0.6 million tonnes of SAF produced
nationally per year by 2030. This represents a shortfall of 50% compared to the expected 2030 requirement,
which must be met through imports of additional facilities.

C. 50% of a 10% SAF mandate in 2030 needs to be met with unannounced capacity

Demand for 10% in 2030 Announced UK SAF Capacity

14 MT SAF
12 = LanzaTech (PT)
10 Demand to be met = Velocys
0.8 through imports and = Fulcrum
additional facilities = Phillips 66
0.6
r . = Alfanar
04 i i » LanzaTech + CE
0.0 = Green Fuels
2030 2030

Source: ICF Analysis, Press announcements
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The market outlook and UK requirement - implications:

The UK Government Jet Zero Strategy forecast that UK aviation emissions remaining after carbon
impacts and fleet efficiencies will be 39 MT in 2030, decreasing slightly to 29.5 MT in 2050. An
aggressive uptake of hydrogen and electric aircraft could reduce this to 17.1 MT in 2050, although this
scenario stands out from the IATA and ICAO modelling and is assumed to be of limited likelihood.

o This analysis will assume 39 MT in 2030 and 29.5 MT in 2050 of aviation CO,e must be
addressed

o Global emissions from aviation are expected to increase over the same time period, meaning
that % SAF targets represent a slower ramp-rate for the UK than globally (i.e. an increase in
SAF from 10% in 2030 to 50% in 2040 would represent a slower growth rate in the UK than
globally)

The remaining CO.e must be addressed through both in-sector (SAF) and out-of-sector (carbon
removals) mechanisms.

This study assumes a central case that 75% of CO2e is addressed by SAF, in-line with the UK Jet Zero
Strategy. The remaining CO.e will be addressed with out-of-sector mechanisms

The carbon reduction of SAF varies with different feedstocks types and production, logistics,
operational decisions, and use of energies

This study assumes in a base case that the carbon reduction of SAF increases from 65% today
(estimate) to 100% by 2050. In the high case, it is assumed that SAF could reduce carbon emissions
by 115%, representing an aspirational case with supportive regulation. The low case assumes 85% in
2050.

The central case estimate (29.5 MT of in-sector CO2e in 2050, 75% addressed by SAF, with a 100%
GHG reduction) gives a SAF requirement of 7.0 MT in 2050.

o Achieving the 2030 mandate will require an estimated 1.2 MT SAF

o This requires a high comparative ramp over the next decade, but less rapid growth 2030-
2050 than many other analyses assume (less of a ‘hocky stick’ curve).

Achieving this increase to 2030 will require additional facilities. Announced capacity in the UK is c.
0.6 MT, so a further 0.6 MT remains to be met by unnanounced capacity or imports.



6 The feedstock opportunity for the UK
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This section has been separated into three sub-sections: The first investigates the wastes and advanced
feedstock available to scale SAF production in the UK, while the second investigated the opportunity to scale
use of Power-to-Liquids, including the underlying renewable electricity and electrolyser capacity required. The
third sub-section consolidates these to construct feedstock combinations for the UK.

6.1 Sustainability criteria

The development of a SAF industry creates an opportunity to build on the experience gained during the
development of previous biofuel production and to further refine the sustainability of the fuels. The UK already
has an extensive biofuel industry supported by the Road Transport Fuel Obligation (RTFO), which consumes a
significant volume of potential feedstocks. This feedstock analysis has been conducted to ensure that there is
minimal divergence of these feedstocks to SAF production, ensuring that the resulting SAF drives additional
emission reductions. As the road sector adopts electric and/or hydrogen vehicles, some of the feedstock may
become surplus for the road sector demand, creating potential upside to the feedstock estimated in this
section.

While existing biofuel production for the road sector does use feedstocks that compete with food or feed, there
is no expectation that SAF production will use these feedstocks. The feedstocks evaluated in this section do
not compete with food, either as a produce, or for the arable land.

6.2 Wastes and advanced feedstock opportunities

The amount of waste-based and advanced feedstock available to the UK has been assessed, considering
sustainability criteria, use by other industries, and the potential for growth or imports. This assessment is based
on a top-down analysis of several macro studies by government, academia, and non-profits, complimented by
a bottom-up analysis of specific data on individual feedstocks. These have been used to build-up a low, central,
and high range for the wastes and advanced feedstock energy available for SAF production in the UK:

= The Low scenario estimates that 0.30 EJ of wastes and advanced feedstock would be available for
aviation, sufficient for approximately 2.2 MT of SAF production.

= The Central scenario estimates that 0.48 EJ of wastes and advanced feedstock would be available for
aviation, sufficient for approximately 3.5 MT of SAF production.

= The High scenario estimates that 0.67 EJ of wastes and advanced feedstock would be available for
aviation, sufficient for approximately 4.9 MT of SAF production.

6.2.1 Review of existing studies on UK feedstock availability

Feedstock availability is often calculated with different framing, assumptions on sustainability, competing uses,
and economic/logistical factors. ICF uses a framework to consider feedstock according to four definitions, as
described below:

= Total availability of a feedstock refers to total amount of potential feedstock available in a region. This
includes availability for SAF production, as well as other potential uses, such as biodiesel or energy.
Depending on the environmental dynamics of the region, technically available feedstock vary greatly.
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= Sustainable availability refers to accounting for sustainable practices, for example leaving some biomass
residue in the field to protect soil quality. This helps to ensure a sustainable feedstock supply in the future,
whilst also protecting against erosion and associated loss in carbon and nutrient content. As a result, the
amount of feedstock available for SAF production is reduced.

= Availability for biofuel production refers to utilisation of feedstock by competing fuel industries. For most
of the feedstocks, SAF production is just one possible use as other applications include alternative fuel
production (biodiesel), chemicals industry (naphtha), and energy production.

= Only a portion of the sustainably available feedstock for biofuel production would be allocated to the
aviation industry, which would refer to net feedstock availability for SAF production. The values for these
have been considered to produce High, Central, and Low outlooks. These outlooks include a proportion of
imported feedstock.

This report aims to build on existing literature and has considered feedstock studies by the UK Government
(using the Bioenergy Resource Model, BRM), UK Department for Business, Energy and Industrial Strategy (BEIS)
for the Net Zero studies, and the University of Manchester Tyndall Centre for Climate Change and Research
(TCCCR) who undertake research to deliver insights on energy and climate change. Each of these studies
estimate the sustainably available feedstock and do not allocate specific portions to aviation. The International
Council on Clean Transportation (ICCT), an independent organisation providing research to benefit public health
and mitigate climate change, has published estimates on the availability to aviation in the UK, and specific data
sources, for example on crops and municipal wastes, complement these studies.

Comparing the studies, the UK Government, BEIS, and TCCCR suggests that approximately 0.45 EJ of biomass
feedstock is sustainably available, which could be increased with energy crops and imports. The BRM suggests
a significant role for imports, while the TCCCR suggests additional biomass could be sourced domestically.
Energy crops are crops which are solely grown for the purpose of use for bioenergy production. The role of
energy crops have not been modelled in this analysis as focus is placed on the use of energy from waste-based
products for SAF production.

Studies estimate c. 0.45 EJ of feedstock, which can be supplemented with energy
crops and imports. More aggressive scenarios suggest potential upside.

Exajoules of available bioenergy B uk Biomass [] Energy Crops | Imports
) 1.10
10 0.89 0.88 0.82
05
0.0
UK & Global BRM BEIS BEIS BEIS TCCCR
(High Resource) (High (High Innovation)  (Conservation)

Electrification)

Source: The UK Government Global Bioenergy Resource Model (BRM), the Tyndall Centre for Climate
Change Research (TCCCR) at the University of Manchester, BEIS Net Zero by 2050 scenarios
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The studies can be assessed in more detail to understand the specific feedstocks driving the different
estimates. The BEIS Net Zero by 2050 does not provide a breakdown so has been excluded. The ICCT has been
included, although it should be recognised that scope is different as it includes alternative uses for some of the
feedstocks. The greatest difference is driven by agricultural waste assumptions, followed by MSW and wood.

UK Biomass feedstock is reasonably well diversified, although analyses differ on the
availability, particularly for agricultural residues, and somewhat on MSW and wood

Exajoules of available domestic UK bioenergy (excluding energy crops)

Includes some

. Does not include competing uses
competing use

0.8
0.7
06
05 :
Agricultural
0.4 O wastes
0.3
0.2 CIMsw
y Il Waste wood
0.1
o 0 — [l Waste FOG

ICCT UK & Global BRM TCCCR
(Conservation)

Sources: The International Council on Clean Transportation, The UK Government Global Bioenergy Resource
Model (BRM), the Tyndall Centre for Climate Change Research (TCCCR) at the University of Manchester

6.2.2 Analysis of each feedstock category

Agricultural wastes

In 2021, the potential area of the UK for crops was 6.1 million hectares (ha), and as 1.2 M ha and 0.7 M ha were
left as temporary grassland and uncropped arable land, 4.635 M ha was used for crops*. Most of this was used
for wheat (1.7 M ha) and barley (1.3 M ha), with the rest spread between oats, potatoes, oilseeds, horticulture,
and other. To estimate the residues available, yield and residue percentage should be calculated. In the UK in
2019, the yield was 7.6, 6.1, 4.9 and 3 T/ha for wheat, barley, oats, and oilseed respectively. The Residue-Product-
Ratio (RPR) can be estimated by different relationships, and using these RPR of 83% for wheat, 73% for barley
and 70% for other crops was estimated*. This gives total residues of 23.6 MT, and (assuming 10% moisture
content) 21.2 MT of dry residues. Applying LHV for each crop gives an estimate of 0.33 EJ total. This must be
reduced by the volume that will remain on the fields to ensure soil health, and a further portion which is
economically or logistically uncollectable. Estimating a range of 40%-60% that must be left on the field and an
additional range of 10%-25% that remains uncollected gives an estimated range of 0.1-0.18 EJ.

The TCCCR feedstock study estimates feedstock availability from agriculture to be much higher than estimated
by the other studies (0.60 EJ Vs. 0.09 and 0.14 EJ). An explanation for this is that waste, fats, oils, and greases

43 Agriculture in the UK Evidence Pack

44 Crop residues are a key feedstock to bioeconomy but available methods for their estimation are highly uncertain
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are not separated from animal agriculture as feedstock categories, unlike in the other studies. It is likely that a
portion of feedstock from animal agriculture could constitute waste, fats, oils, and greases, and thus values
appear to be higher when compared. Based on the top-down and bottom-up calculations, this analysis uses a
central estimate of 0.14 EJ available from agricultural wastes.

Municipal waste

The UK produced 27 MT of waste from households in 2020%, of which 44% (11.9 MT) was recycled and 42% (11.4
MT) was sent to incineration?®®. 6.1 MT of total municipal waste was derived from biological sources and was sent
to landfill. This fraction represents the core opportunity for conversion into SAF as its use as a feedstock would
generate a considerable emissions reduction (due to the avoided fugitive methane emissions), reduce the land
needed for landfill, and create economic value.

The energy contained in this waste stream will vary with the materials and moisture content. The IEA suggests
an average range of 8-12 MJ/KG for the biological fraction of MSW#’, and using a lower heating value (LHV) of 10
MJ/Kg gives an estimation of 0.06 EJ energy availability from this feedstock. The ICF analysis assumes that in
the Low scenario 80% of this energy can be diverted to SAF production, in the Central scenario 90% can be
used for SAF, and 100% in the High case.

This energy may be complimented by additional bioenergy diverted from waste incinerators as the facilities
reach end-of-life*®. While it may be environmentally beneficial to build SAF capacity faster than the incinerator
asset replenishment cycle, this would result in a high cost of stranded incinerator assets and lost capital. This
analysis assumes that in the low case there is no diversion from incinerators to SAF production by 2050, in the
central case there is 10% diversion (+0.01EJ), and up to 25% in the high case (+0.03 EJ).

Combining the values for the waste-based and advanced feedstock fraction (diverted from landfill and end-of-
life incinerators) results in estimated energy availability of 0.05 EJ, 0.07 EJ, and 0.09 EJ in the Low, Central, and
High scenarios respectively. This approximates results provided by the UK government, which gives 0.08 EJ of
availability for all industries, reconciling to this slightly lower availability for SAF production only.

Sustainably available wood

Waste wood includes wood that has previously been used as a resource or the unwanted by-product of a
process such as branch pruning. Examples include shavings, sawdust, and residues from forestry production. It
is deemed a sustainable resource as it may otherwise end up in landfill where it would decompose and emit
GHGs. The studies reviewed estimate waste wood availability between 0.03 EJ (ICCT) to 0.21 EJ (UK
Government). The low estimate by the ICCT may be explained in part by not considering waste that is recovered
for any useful purpose other than biofuel as available for feedstock. Additionally, the ICCT provides less granular
feedstock breakdowns, and only includes categories for forestry residue production and wood wastes. By
comparison, the UK Government includes six sub-categories, and the TCCCR includes four sub-categories. It is
possible that wood feedstock types that are included in the UK Government and TCCCR studies are not
considered in the ICCT study, appearing to reduce availability.

45 UK statistics on waste

46 Response to call for evidence on inclusion of EfW in the UK ETS

47 Municipal solid waste and its role in sustainability

“8 |CF recognise that a small proportion of non-biodegradable waste may end up being mixed with biodegradable waste, however, owing to large uncertainty around
this data and the fact that this proportion is likely to be very small, it has been excluded from calculations.
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5 million tonnes of waste wood are generated in the UK every year, with half of this weight sent to UK biomass
facilities*. Assuming 20 MJ/Kg, the remaining 2.5 MT would offer 0.05 EJ of feedstock, comparable to the ICCT
estimate of 0.03 EJ feedstock from waste wood. This analysis has aligned to the wider scope of the UK
government and TCCCR calculations, using the central estimate of 0.12 EJ.

Waste industrial gasses

Waste industrial gases are only considered by two of the three studies: TCCCR and ICCT. These estimate 0.01
EJ and 0.05 EJ availability respectively. To better understand these values, availability was independently
assessed using data on emissions from cement, steel, iron, and ammonia production from the UK Government.
Data was provided in MT emissions (CO,), and International Energy Agency (IEA) high, medium (sustainable
growth), and low (net zero) growth outlooks were applied to these values for 2030. Values were then converted
to energy units, utilising assumptions of energy content. Research showed that this was 5.6 MJ/KG for cement
production®®, 22.7 MJ/Kg for steel and iron production®, and 18.8 MJ/Kg for ammonia production®2. Analysis
demonstrated that between 0.05 and 0.07 EJ could be produced from this resource, informing the Low, Central,
and High output scenarios. With 50% of this feedstock calculated as available to aviation, between 0.02 EJ
(Low) and 0.03 EJ (High) is available.

Innovative/advanced feedstocks

Analysis includes a wedge for innovative and advanced feedstocks. This contribution is represents the
significant innovation expected on the feedstocks alongside the conversion technology developments. Many of
these novel feedstocks that are in advanced stages of commercialisation, and hold significant promise, despite
only being nascent today. Considerable innovation is expected over the next three decades, which may lead to
the use of feedstocks that are not considered today. Sewage sludge and algae have been chosen to illustrate
the potential contribution:

= Sewage Sludge is produced as a solid mass during the process of wastewater treatment. Approximately
1.5 MT of sewage sludge is produced in the UK each year®:. The energy content of this material is variable
(likely depending on moisture ratio), with studies suggesting 11-22 MJ/Kg®, matching discussions with
industry that suggested a range of 10-15 MJ/Kg. Using an input volume of 1.5 MT and energy content
assumptions of 10-15 MJ/Kg, 0.015 to 0.023 EJ could be produced. This approach has the advantage of
providing a better disposal route for wastes, but is challenged by the meaningful proportion currently
locked into long-term energy contracts or for fertilizer provision. In addition, thermochemical conversion
of sewage sludge into energy involves several processes requiring high temperatures, posing a challenge
to large-scale application®s.

= Algae & cover crops may further augment the energy available. Utilising algae for energy has high
potential in the UK due to its abundant coastal regions and nutrient-rich seas. However, there is
uncertainty around production potential due to the requirement for technological development to

4% Wood recyclers' association

50 Concrete and embodied energy

51 Energy use in metal production

52 Ammonia for power

58 Biomass and Biofuel Production - Comprehensive Renewable Energy

54 Sludge-to-energy recovery methods — a review

55 A review on turning sewage sludge to value-added energy and materials via thermochemical conversion towards carbon neutrality
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maximise output. The ETC estimates total global resource of algae for energy at up to 7 EJ. A
conservative approach is taken, assuming just 50% of this is realised, 10% of the realised global volume
is available in the UK, and half of this is used for fuel production (i.e., 2.5%, 0.17 EJ).

= This analysis assumes no additional contribution from cover crops, although any shortfall that
materialises below the algae assumptions could be met through cover crops. The BEIS scenarios
estimate 0.21 EJ to 0.22 EJ of energy crops are available, and the average of the UK Government and
TCCCR calculations (0.20 EJ), suggesting that excluding cover crops is highly conservative.

Availability of imports

A certain percentage of global feedstocks will be available to the UK via imports. UK Government and BEIS are
the only studies analysed to assess import potential. The UK Government study assumes that the UK would be
able to acquire 7% of the global surplus of bioenergy, calculating that 0.68 EJ would be available. This value is
quite high as there is likely to be strong demand for bioenergy from the U.S. and EU as the globe undergoes
societal decarbonisation, and so additional research was reviewed. BEIS have developed three different outlooks
in their 2021 Net Zero Strategy®