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ABSTRACT

India faces several threats from its rapid development, including increasing reliance on
imported crude oil, worsening air pollution from agricultural residue fires, and rising
greenhouse gas emissions from its aviation sector. However, India also has emerging
advantages in its world-leading low-cost green hydrogen and development of large-scale
agricultural residue supply chains. This paper provides a vision for how India can leverage
these advantages to develop a power-and-biomass-to-liquids (PBtL) sustainable aviation
fuel (SAF) industry that can deliver a domestic cost-competitive drop-in alternative to
imported crude oil-dependent fossil jet fuel, create value from agricultural residue that
is currently burned, and decarbonize India’s aviation sector. We show that PBtL is ready
for commercial demonstration and growth, outcompetes other SAF technologies on
cost, carbon intensity, and resource efficiency, and delivers a range of co-benefits such
as avoiding premature deaths from local air pollution. Specifically, India’s PBtL route can
produce SAF at costs up to roughly 40% below global SAF benchmarks, driven by record-
low green hydrogen prices and low agricultural residue costs. These results suggest that,
until Indian PBtL SAF can compete directly with fossil jet fuel, it can economically serve
rising international SAF demand while hedging against crude oil price spikes. We also
show that PBtL SAF has an enormous market size and could feasibly satisfy all of India’s
2050 aviation demand; that PBtL SAF production costs can fall below fossil jet fuel prices
in the 2030s or earlier depending on market conditions and policy developments; and
that domestic PBtL SAF has less monetary risk exposure than fossil jet fuel. We provide
a spatially detailed, district-level assessment showing that surplus agricultural residue
availability and low green hydrogen costs align in the areas surrounding the Delhi, Pune,
and Mumbai airports, suggesting they may be best suited for supporting the PBtL industry’s
near-term growth. We conclude that if India can drive early investment and use smart
policy to overcome first-of-a-kind deployment barriers and protect against unintended
consequences, it can unlock a virtuous cycle of scale and cost reduction that boosts India’s
self-reliance, public health, and global climate leadership.
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FIGURE A-1: Comparison of projected Indian power-and-biomass-to-liquids (PBtL)
sustainable aviation fuel (SAF) production costs for a project commissioned in 2030 vs.
historical Indian and European Union (EU) jet fuel market prices, historical and average

EU SAF market prices, and projected imported Indian fossil jet fuel prices. Sources:

World Economic Forum, Argus, and IndianQil.*-3

Notes: See Appendix A for Indian fossil aviation turbine fuel (ATF) and PBtL SAF levelized cost projection
methodology. Prices are converted to United States dollars per liter using a jet fuel density of 0.808 kilograms
per liter. The PBtL SAF cost declines as Indian Rupee-denominated green hydrogen and renewable electricity

costs fall, with renewable power locked in via long-term Indian Rupee-denominated power purchase
agreements; the imported ATF (business-as-usual) price rises over the projection period due to inflation.

DATA AVAILABILITY

Data used to estimate district-level production quantities and costs of SAF are available on
our open-source dashboard.
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1. INTRODUCTION

1.1. INDIA’S SUSTAINABLE AVIATION FUEL OPPORTUNITY

India stands at a pivotal moment to mitigate three national challenges by leveraging two
emerging advantages to capitalize on a transformative sustainable aviation fuel opportunity.
How India responds to this moment could have long-lasting implications for its energy
security, economic development, public health, and ability to meet its climate targets.

India can mitigate three challenges by leveraging two advantages to capitalize on a
transformative opportunity

High dependence High air pollution Climate target of
on imported oil from crop residue net-zero emission
burning by 2070

CHALLENGES

9 oS
-_— -_— .
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Very low cost solar, enabling

world-leading low-cost green
hydrogen

Abundance of surplus crop residue
with a developing marketplace

ADVANTAGES

Use green hydrogen and surplus crop residue to develop a
domestic, cost-competitive power-and-biomass-to-liquids
(PBtL) sustainable aviation fuel (SAF) industry that can help to:

e Bolster energy security by hedging against crude oil price
spikes and competing with fossil jet fuel in the 2030s

¢ Slash air pollution by providing demand for crop residue

¢ Meet climate targets by decarbonizing the aviation sector

OPPORTUNITY

FIGURE 1.1.1: India’s sustainable aviation fuel opportunity.
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THREE NATIONAL CHALLENGES

The first challenge is India’s high dependence on imported crude oil. India has a mission
of achieving self-reliance—defined by goals like reducing import dependence and
strengthening domestic supply chains—which in turn is closely linked to its goal of
becoming a developed nation by 20474 Unfortunately, India imports nearly 90% of its
crude oil, which has exposed it to economic turmoil from geopolitical events outside of
its control—most recently from Iran closing the Strait of Hormuz in response to strikes by
the United States (U.S.) and lIsrael, causing fuel price spikes, unsustainable government
spending, rationing, and flight cancellations, among other crises.">® Among India’s many
uses of oil, the aviation sector looms large: while aviation turbine fuel (ATF) made up less
than 4% of India’s oil products consumption in 2024, ATF demand is on a trajectory to rise
approximately six-fold by 2050.7° This suggests the aviation sector risks making India even
more vulnerable to crude oil price shocks and supply shortages.

The second challenge is India’s severe air pollution. For example, New Delhi has the worst air
quality of any global capital city, and India includes 17 of the 30 cities with the world’s worst
air pollution™ A major contributor to this dilemma is seasonal crop residue combustion.
India’s farmers burn an estimated 130 million metric tons (Mt) of agricultural residue
annually as a fast and cheap method of clearing fields ahead of the next crop cycle.i The
particulate matter pollution from these fires is estimated to have caused between 44,000
and 98,000 premature deaths annually in India from 2003 to 2019, and it is responsible for
more than 40% of this pollution in Delhi’s peak season.™? It also contributes to lower work
attendance and performance, reduced economic activity, higher healthcare expenditures,
worsened soil quality, and lower tourism.1°”?

The third challenge is India’s shared imperative to decarbonize its economy. India’s carbon
dioxide (CO2) emissions have been skyrocketing this century, tripling since 2000.13 While
India is on track to meet its 2030 and 2035 climate goals, analysts stress that much
more ambitious actions will be needed across all sectors to achieve its target of net-zero
greenhouse gas (GHG) emissions economy-wide by 2070. %476 As part of such planning,
India must anticipate its rapidly rising demand for aviation and adjust accordingly to taper
the sector’s GHG emissions over the coming decades.

i Approximately 20% of the world’s crude oil flows through the Strait of Hormuz, and 84% of this oil is delivered to Asian markets. India had
been relying on the strait for 40-50% of its crude oil and has had to rapidly diversify to other suppliers to close some of its supply gap.

ii See Section 3.1.

iii See Section 4.

iv India’s 2030 and 2035 climate goals include reducing the emissions intensity of gross domestic product by 45% and 47% (respectively)
below 2005 levels, among other objectives.
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TWO EMERGING ADVANTAGES

India’s first advantage is its world-leading green hydrogen (H,) prices, in turn owing to
its very low solar electricity prices. India’s high solar resource quality, low cost of labor,
favorable supply chain access, and competitive bidding processes—paired with global
trends of plummeting photovoltaic module costs—have brought its solar prices down to
$0.025-0.030 per kilowatt-hour (kWh), which are among the lowest in the world.*""""° India
has also made the development of a domestic green hydrogen industry a national priority,
supported by its $2.4 billion National Green Hydrogen Mission launched in 2023. Together,
these developments have led to recent auctions revealing hydrogen prices in the range of
$3.1-4.5 per kilogram (kg).'o-22

India’s second advantage is a vast agricultural residue supply, along with developing
marketplaces for collecting, transporting, processing, storing, and transacting on biomass
products. Recent estimates suggest India has approximately 685-700 Mt of agricultural
residue, with most of it finding productive use as cattle feed, animal bedding, and a natural
soil nutrient source.?®?* The remaining estimated 210-235 Mt of “surplus” agricultural
residue—of which approximately 130 Mt is currently burned in open fields and the remainder
left to decompose or used informally—has mostly been a nuisance that farmers burn to
dispose of, contributing to seasonal spikes in air pollution.?®>?* This surplus is a valuable
product, however, having been broadly recognized as a sustainable biomass source that
has far less risk of negative land use change impacts that complicate food-, feed-, and
energy-crop biofuels’ viability as a climate solution.”»?® In recent years, marketplaces have
launched to help collect, aggregate, and valorize this resource. For example, BiofuelCircle’s
platform had roughly 0.5 Mt of biomass briquettes offered on its platform in 2025.26 Should
robust demand arise for this resource, these marketplaces would be poised to scale and
supply it. See Appendix C for more detail on India’s agricultural residue supply chain and
marketplaces.

v All monetary values in this report are in terms of United States Dollars (USD) unless otherwise stated. This is because USD is the standard
unit for aviation fuel pricing, and the Indian Rupee (INR) to USD exchange rate fluctuates meaningfully year-to-year, so the choice of a single,
arbitrary conversion rate would introduce false precision across the paper, particularly when comparing to other sources’ aviation fuel price
benchmarks.

vi This is only true as long as the residue is truly “surplus,” i.e., such that its collection and use does not diminish soil quality (which would
require extra fertilizer to mitigate) or displace other beneficial uses of this residue (if these uses then risk turning to fossil fuels or food crops
as replacements for previously-used residue). For this reason, we consider 130 Mt (the amount burned in India) to be a floor for residue that
can be diverted to serve a useful purpose and 210-235 Mt to be a ceiling.
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ONE TRANSFORMATIONAL OPPORTUNITY

Together, India’s low-cost green hydrogen and surplus agricultural residue advantages enable
the cost-competitive production of “power-and-biomass-to-liquids” (PBtL) sustainable
aviation fuel (SAF)—a drop-in alternative to fossil ATF with near-zero GHG emissions. By
developing a domestic power-and-biomass-to-liquids sustainable aviation fuel (PBtL SAF)
industry, India can mitigate its energy security, air pollution, and climate challenges, with
the added benefits of boosting its economic competitiveness and providing a new revenue
stream for farmers.

First, PBtL SAF can bolster India’s energy security by providing a domestically-produced
alternative to fossil ATF that can act as a hedge against crude oil price spikes—and
crucially, that can eventually reach price parity with fossil ATF. In order to achieve this cost-
competitiveness, PBtL SAF will need to scale and fall in price, and it will be able to do so
by undercutting other SAF production pathways to help satisfy other countries’ rising SAF
blending mandates and corporations’ SAF procurement goals.

Second, PBtL SAF can reduce air pollution by providing an enormous demand pull for
agricultural residue, helping India’s nascent biomass marketplaces and supply chains
to scale. This can change the paradigm from farmers burning residue as a quick and
inexpensive way to clear fields between crop cycles to farmers being paid for the collection
of a now-valuable feedstock.

Third, PBtL SAF can help meet India’s climate goals by providing a runway to decarbonize
its aviation sector. SAF is expected to play a major role in any aviation decarbonization plan,
yet other prominent SAF production pathways have run into cost, climate integrity, and
resource use barriers that have capped or stunted their growth. PBtL provides a genuinely
low-carbon SAF option that can achieve low costs and a balanced use of resources,
enabling growth at scale.

Specifically, we find that PBtL could produce SAF at a cost that is competitive with fossil
ATF prices in the 2030s, with the timing dependent on factors like crude oil prices, policies
that value PBtL SAF’s emissions reduction benefits, and the U.S. Dollar (USD) to Indian
Rupee (INR) exchange rate. We also find that PBtL SAF production costs can undercut
those of other SAF pathways in India at green hydrogen prices of $3.4/kg—a price some
producers have already beat in India’s recent auctions—suggesting it should be able to
immediately find willing buyers in markets covered by SAF blending mandates, even at
these higher initial costs.

This opportunity is enormous: surplus agricultural residue supplies are large enough for
PBtL SAF to feasibly satisfy India’s 2050 aviation demand. This means that if India can
demonstrate and scale a PBtL SAF industry, it could provide a path to full domestic supply
of stable and low-cost aviation fuel, the elimination of crop residue fires that have plagued
its air quality, and the complete decarbonization of its aviation sector.
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1.2. PURPOSE OF THIS STUDY

This paper presents a vision of India’s PBtL SAF opportunity by demonstrating its potential
and proposing initial steps for kickstarting the industry. We do not intend to predict the
price trajectories of SAF pathways or fossil ATF. Instead, we choose defensible assumptions
to show how PBtL SAF could be transformative if these conditions were to come to fruition,
and we discuss how Indian policymakers can improve the chances of this vision becoming
reality.

In Section 2, we summarize the global push for SAF and demonstrate why PBtL is the
best option for India. Rising regulatory and corporate demand for SAF means Indian SAF
producers will have access to buyers who are willing to pay a premium over fossil ATF,
reducing the financial burden India must overcome to commercialize, scale, and lower
the cost of SAF. Our analysis shows why PBtL is preferable to the many other prominent
SAF production pathways that India may be considering, emphasizing the importance
of prioritizing it over alternatives. Specifically, this section provides an overview of the
global SAF context, descriptions of the main SAF production pathways, comparisons
of technology readiness levels, techno-economic analyses, lifecycle analyses, and co-
benefits under India-specific conditions, and a summary of the pathways’ economic and
environmental considerations.

In Section 3, we move to compare Indian PBtL SAF with fossil ATF, showing how the former
can hedge against the price volatility of the latter and eventually achieve price parity.
Under this trajectory, Indian PBtL SAF becomes valuable not merely by boosting economic
prowess through exports to SAF buyers abroad, but by bolstering energy security as a
domestically produced aviation fuel. Specifically, we estimate the total market size for PBtL
SAF relative to India’s aviation market in 2050, then compare PBtL SAF and fossil ATF
economics—including on market dynamics, monetary risk exposure, and combined effects.

In Section 4, we discuss how India can choose sites to give the nascent PBtL SAF industry
the best chance of success and shed light on how it might scale up from there. We do this
by providing a spatial analysis of solar resource quality, agricultural residue availability, and
major airport locations, examining where the three overlap to identify targets for first-of-a-
kind projects and midstream infrastructure investments alike.

In Section 5, we summarize our key results, provide a brief discussion of unintended
consequences and how to avoid them, and offer an initial list of policy recommendations
to help Indian policymakers and developers seize this opportunity. We also provide
appendices describing our methods in more detail (Appendix A), offering extra detail on
certain technical points and assumption choices (Appendix B), and characterizing India’s
agricultural residue supply chain.
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2.POWER-AND-BIOMASS-
TO-LIQUIDS VS. OTHER
SUSTAINABLE AVIATION FUEL
PATHWAYS

In this section, we summarize the global SAF context, introduce the most prominent SAF
pathways, evaluate their technological maturity, production costs, scalability, and co-
benefits under India-specific conditions, and conclude that India stands to gain the most
from prioritizing PBtL over other SAF pathways."

2.1. GLOBAL SAF CONTEXT

Aviation is one of the most challenging sectors to decarbonize, largely due to its need
for highly energy-dense, lightweight fuels for passenger- and cargo-carrying aircraft to
achieve liftoff, maintain high speeds, and travel across continents. Global air travel has also
continued to rise and is projected to nearly triple by 2050, driven in part by rising income in
much of the world.?” This has created a dilemma of how to accommodate soaring demand
while still meeting climate commitments.

Battery-electric aircraft and hydrogen propulsion remain technically and economically
unviable for most commercial aviation for the foreseeable future. Both technologies
benefit from not having to secure a source of sustainable carbon, and electric aircraft
benefit further from a substantial energy efficiency advantage (at least for shorter-distance
flights).?® However, both are limited in the near term by a need for new aircraft and airport
infrastructure, and in the longer term by their lower energy densities relative to ATF.29:30
These realities mean SAF is the only realistic option for decarbonizing commercial aviation
in the near-to-medium term—given that it can replace fossil ATF in today’s aircraft—and
will likely remain important in the long term for at least long distance routes due to its high
energy density.

This understanding has translated into government blending mandates for and voluntary
corporate procurement of SAF. Notwithstanding recent backtracking in the U.S., many
countries are signaling predictable, long-term demand for SAF. This is most prominent in
the European Union (EU) via its RefuelEU Aviation regulation, which requires a 2% SAF
blend in 2025 that rises to 70% by 2050, as well as the United Kingdom’s (UK) SAF mandate

vii India-specific conditions reflect localized capital expenditure adjustments, domestic labor and operating cost assumptions, current Indian-
market feedstock prices, and other factors deriving from Indian sources.

INDIA ENERGY AND CLIMATE CENTER



that rises from 2% in 2025 to 22% by 2040.3"%2 However, blending targets are already
established from Brazil to Thailand to the Republic of Korea, and India hosts its own SAF
blending goal of 5% by 2030 (initially only for international flights).**3* Additionally, major
airlines such as United, Delta, Lufthansa, and British Airways have signed multi-year SAF
offtake agreements with many extending into the 2030s, while others including Emirates,
Air France-KLM, and Qantas have committed to long-term procurement strategies aligned
with national mandates and corporate net-zero pledges.*®

There are many different methods of producing SAF, but they all require a sustainable
carbon feedstock and a clean energy source. These methods differ in technological maturity,
cost, lifecycle carbon intensity, resource intensity (in using feedstocks, electricity, land,
and water), and co-benefit profiles. SAF production technologies must receive technical
certification to be approved for safe use in aircraft, and they must also receive carbon
intensity certification to comply with regulatory mandates and emissions accounting
frameworks or qualify for incentive programs—see Appendix B.2 for more detail.

The primary barrier to scaling up SAF production is cost, particularly in the highly
competitive environment of the airline industry where fuel makes up 20-30% of operating
costs globally and is even higher in India at approximately 30-40% due to elevated ATF
taxes.Vii3637 SAF is currently much more expensive than fossil ATF, owing to a combination
of: low availability of and high competition for today’s main feedstocks (primarily waste oils
and fats); the relatively early-stage maturity of several advanced SAF pathways that can use
other feedstocks; the higher cost of renewable energy and lower availability of sustainable
carbon feedstocks in jurisdictions with high SAF mandates; and insufficient financial
support mechanisms to bridge the price differential between SAF and conventional jet fuel.

For example, SAF prices in Northwest Europe and Asian markets were 2.5-4 and 3.5-4.5
times more expensive than fossil ATF in 2025, respectively.?®3° SAF prices were also several
times more volatile than fossil ATF in recent years (prior to the Strait of Hormuz closure),
reflecting both limited SAF supply and the price sensitivity of today’s dominant feedstocks.*®
Yet emerging synthetic SAF production pathways (i.e., those that synthesize SAF from
hydrogen and carbon-containing feedstocks rather than refine it from oils and fats) can
reportedly come in at prices several times more expensive than today’s conventional SAF.®

As a result, both current global SAF supply and investments for future production remain
a fraction of what is required to meet policy goals and private pledges. The International
Air Transport Association (IATA) forecasts that SAF will have to contribute 65% of total
aviation emissions reductions, which would require upwards of 360 Mt (446 million kL)
of SAF annually by 2050.4° However, the current trajectory falls dramatically short of
achieving this goal—the IATA projects around 2.4 Mt (3.0 million kL) of SAF in 2026, which
is only 0.8% of global jet fuel demand.*' This would represent a mere 26% increase from

viii In the months following the closure of the Strait of Hormuz, Indian ATF expenses reportedly reached 55-60% of airline operating costs.
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2025, slowing from a doubling of SAF production from 2024 to 2025.#' This deceleration
of production, paired with the very high costs of SAF in Europe, led the IATA to warn of
a risk of airlines downgrading their commitments—with this already materializing through
companies softening language around SAF targets.44?

Mandated SAF demand is far outpacing production. Buyers may not have the appetite
to pay exorbitant prices, but based on today’s SAF selling at prices several times higher
than fossil ATF, there is clear evidence of a green premium. These dynamics provide the
conditions for India to scale cost-competitive SAF production, as Indian developers can sell
into premium regulatory markets abroad to drive costs down and toward domestic fossil
ATF parity. Capitalizing on this opportunity will require pursuing the most advantageous
SAF production pathway.

2.2. OVERVIEW OF SAF PRODUCTION PATHWAYS

The most prominent SAF production pathways are hydroprocessed esters and fatty acids
(HEFA), alcohol-to-jet (ATJ), and Fischer-Tropsch (FT), with FT including biomass-to-
liquids (BtL), power-to-liquids (PtL), and power-and-biomass-to-liquids (PBtL). “Liquids”
refers to hydrocarbon liquid fuels produced by these processes, which can be refined or
fractionated into jet-grade kerosene (e.g., SAF), diesel, and naphtha. Below, we introduce
each pathway, accompanied by process-flow diagrams (Figures 2.2.1-2.2.5) that outline the
conversion steps from feedstock collection through to final SAF output.

Hydroprocessed esters and fatty acids (HEFA) converts fats, oils, and greases (FOG)
into jet fuel, with hydrogen used to treat and upgrade these feedstocks (without being an
energetic component of the final SAF product).* HEFA is today’s most commercially mature
and market-dominant SAF pathway, benefiting from well-established process reliability
and relatively low capital and operating costs. This is reflected in its strong current and
expected near-term market share: HEFA makes up about 80% of today’s SAF production,
and it is expected to remain the most prominent source of SAF globally through at least
2030.43745

HEFA has traditionally relied on waste FOGs like used cooking oil (UCO) and tallow, as SAF
mandates—such as those in the EU and UK—often restrict the use of virgin vegetable oils
due to land use change concerns (e.g., expansion of palm oil cultivation into rainforests).
However, these feedstocks are severely constrained, both in absolute availability and
by competition from other uses like renewable diesel production.#® There are already
documented concerns of fraud such as virgin oil being falsely marked as UCO, which in turn
has led to regulatory caps on waste FOGs for SAF production.#’-4° These considerations
greatly limit HEFA’s long-term contribution to the SAF market to perhaps only a few

ix While HEFA has historically relied on “gray” hydrogen derived from natural gas, this analysis assumes the use of green hydrogen from
water electrolysis and solar electricity.
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percent of global aviation fuel demand. This has driven policymaker and developer interest
in advanced pathways that can make use of other feedstocks and enable scale (i.e., ATJ
and FT).

India’s circumstances reflect the global situation, and even optimistic improvements in UCO
or tallow collection efficiency or partial imports would be insufficient for HEFA to meet post-
2030 SAF demand.?* HEFA’s potential is further constrained by developers primarily using
it for renewable diesel production, with SAF being a co-product that requires additional
infrastructure investment and supportive policies.>®

W —_—
_— - —> — | —
o i B

Aviation Fuel
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Waste oils & Fats  Hydrotreatment Isomerization / Fractionation
Hydrocracking

FIGURE 2.2.1: Process flow and system boundary for HEFA.

Alcohol-to-jet (ATJ) converts alcohols like ethanol into jet fuel through dehydration,
oligomerization, and hydrogenation. This pathway is technologically proven and is
considered attractive as a way to grow, diversify, or redirect large existing ethanol
industries (predominantly used today as a fuel blend with gasoline). While ATJ SAF can
benefit from this existing ethanol infrastructure, the current competition for ethanol from
gasoline blending can constrain its growth and limit its cost-competitiveness. Ethanol also
faces similar—if comparably less severe—land use change concerns as virgin vegetable oils
when derived from food and feed crops like corn and sugarcane (deemed “first generation”
or 1G), while ethanol derived from lignocellulosic residues and wastes (deemed “second
generation” or 2G) is relatively inefficient (see Section 2.4.2). As a result, ATJ SAF from 1G
ethanol often faces regulatory restrictions, while ATJ SAF from 2G ethanol has struggled
to commercialize.”

India has a large and expanding ethanol ecosystem (overwhelmingly 1G ethanol), with most
committed to its national petrol-blending mandate that targets a 30% blend by 2030.%?
This leaves only a small surplus available for SAF production without additional incentives
or structural changes, as India controls crop usage to protect food security—and even this
SAF will struggle to qualify in certain regulatory markets.?*

Over the longer term, the increasing electrification of India’s road transport sector is
expected to reduce gasoline demand and, by extension, the ethanol volumes required
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to maintain the 30% petrol-blending target. While gasoline demand is likely to continue
rising through at least the mid-2030s given India’s still-growing internal combustion engine
vehicle fleet, the eventual decline in favor of electric vehicles could lead to a redirection of
ethanol volumes away from gasoline blending and toward SAF production.>® This dynamic
suggests ATJ may eventually have increasing access to ethanol, with its success in the SAF
market depending on its competitiveness relative to other technologies (see Section 2.4),
the carbon intensity score it receives or its ability to pivot to 2G ethanol (see Section 2.5),
and policymakers’ broader interest in supporting farmers through its ethanol industry.

\P —

Corn, Sugarcane,
Agricultural waste

Dehydration Oligomerization Hydrogenation Aviation Fuel

FIGURE 2.2.2: Process flow and system boundary for ATJ.

Biomass-to-liquids (BtL) converts agricultural residues and forestry waste into jet fuel
through thermochemical gasification, syngas conditioning, and FT upgrading.* Its value
proposition stems from being able to convert lignocellulosic residues more efficiently than
fermentation-based routes like ATJ for 2G ethanol (see Section 2.5), with this efficiency
advantage contesting ATJ’s advantage of having an existing infrastructure network for
ethanol.

BtL’'s growth has been stunted globally by residue aggregation, feedstock heterogeneity,
and seasonal logistics challenges. Additionally, because BtL relies solely on the syngas
from biomass, the FT process is highly suboptimal: it lacks enough hydrogen to react with
the carbon in producing liquids, causing a substantial fraction of this carbon to be lost as
CO, and lowering the overall efficiency of converting biomass into liquids.

In general, BtL is attractive in India given India’s large surplus agricultural residue base and
the recent progress it has made in developing a residue supply chain and marketplace (see
Appendix C).2>?* However, costs and inefficiencies from BtL’s hydrogen deficiency present
barriers to commercialization and scale.

X Syngas is a mixture primarily made up of hydrogen and carbon monoxide (CO).
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FIGURE 2.2.3: Process flow and system boundary for BtL.

Power-to-liquids (PtL), often referred to as e-kerosene or e-SAF, produces jet fuel from
green hydrogen and captured CO,, representing a high-potential but early-stage SAF
pathway that can avoid reliance on biofeedstocks entirely. The “power” in PtL refers to
using electricity as the primary feedstock for both hydrogen production (i.e., splitting water
into hydrogen and oxygen through electrolysis) and CO, capture—such as from industrial
point sources or via direct air capture. If using clean electricity and a net-zero source of
carbon (e.g., from sustainable biofeedstocks or the air), PtL can achieve near-zero lifecycle
emissions. In the nearer term, regulatory frameworks for SAF often allow the use of fossil
fuel- or process-based CO, as a means to scale both PtL and carbon capture technology, so
long as the emissions savings are not double-counted for SAF and the originating industrial
process.

PtL’s growth has been constrained worldwide and in India by high electricity requirements
(particularly for hydrogen electrolysis and direct air capture) and the scarcity of CO,
capture and transport infrastructure (particularly for industrial point sources). > We focus
our analysis on CO, captured from industrial facilities due to point-source carbon capture
equipment’s higher technological maturity, lower cost, and greater role in Indian planning
relative to direct air capture.x’>>> However, PtL will need to eventually transition to non-
fossil CO, sources to remain relevant for SAF production long term.

Xi India currently has no commercial-scale carbon capture projects, and planned projects are largely confined to industrial point sources
such as refineries and cement plants.

xii Direct air capture can be on the order of 20 times more expensive as a CO, source relative to point-source capture, so we did not consider
it in our analysis.
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FIGURE 2.2.4: Process flow and system boundary for PtL.

Power-and-biomass-to-liquids (PBtL) is an emerging SAF pathway that combines the
strengths of BtL and PtL in a single integrated process: it uses agricultural residue as a
sustainable, lower-cost carbon source (the BtL strength) and electrolytic hydrogen to
overcome BtL’s hydrogen deficit (the PtL strength), avoiding both BtL’s carbon inefficiency
and PtL’s higher dependence on electricity and carbon capture infrastructure. PBtL is
functionally the BtL process paired with electrolytic hydrogen to improve the stoichiometric
ratio of hydrogen and carbon monoxide (CO), boosting liquids output. A reverse water-gas
shift (rWGS) step can further improve liquids yields by recycling remaining CO, from the FT
process back into the reactor as CO, paired with additional green hydrogen.

PBtL is often ignored in SAF literature and feasibility studies as it can seem to instead
combine BtL and Ptl’s perceived downsides—namely reliance on agricultural residue
(which has faced challenging collection, separation, processing, and storage logistics) and
green hydrogen (which remains very expensive in many parts of the world). However, PBtL
is ripe for success in India, as India has seen tremendous progress in building a supply chain
and marketplace for its vast surplus agricultural residue supply as well as in developing a
low-cost green hydrogen industry grounded in its high-quality solar resource. As these
conditions continue to improve, PBtL’s advantage over other SAF pathways will only grow,
at least until surplus residues remain available.
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2.3. PBTL’'S READINESS FOR DEMONSTRATION AND GROWTH

Technology readiness levels (TRL) convey a technology’s progress toward proven readiness
for full commercial deployment (denoted TRL 9). TRL levels 1-5 range from basic research
to laboratory testing of integrated systems, while TRL levels 6-8 involve various stages of
testing prototypes, pilots, and demonstration projects.>® Figure 2.3.1 illustrates the relative
TRL ranges for the five SAF production pathways, based on current global and Indian
conditions.®®

1 2 3 4 5 6 7 8 9

AT.

(&

Bt

-

Pt

-

FIGURE 2.3.1: TRL ranges for five SAF production pathways in India.

¢ HEFA (TRL 8-9) is the world’s only fully commercial SAF pathway, currently
supplying around 80% of global SAF.#3 Large facilities—such as Neste’s in Finland
and Singapore, with a combined SAF production capacity of 1 Mt/yr (3,400 kL/
day)—demonstrate mature production and global supply chains.®© In India, HEFA
capacity is emerging through Indian Oil Corporation Limited’s (IOCL) 35,000 t/yr
(~120 kL/day) Panipat refinery and IIP’s 20 kL/day pilot project.6'¢2

¢ ATJ (TRL 7-8) is transitioning from demonstration to early commercial scale, led
by LanzaJet’s 10 million gallons per year (100 kL/day) Freedom Pines facility in
the U.S.%% India’s first large-scale ATJ plant of 86,800 t/yr (-300 kL/day)—also via
IOCL’s Panipat refinery—is under development with a planned start-up in 2028.%
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e BtL and PBtL (TRL 6-8) are technically proven internationally but pre-commercial
in India. BtL and PBtL are grouped together because PBtL merely builds on the
BtL process (of gasifying biomass and using the FT process to produce SAF) by
supplementing the FT stage with green hydrogen. As green hydrogen (water
electrolysis) is commercially proven, this extra step does not diminish PBtL’s TRL
relative to BtL, particularly given the real-world demonstrated project pipeline.
DG Fuels’ Louisiana PBtL project in the U.S. will be the world’s largest FT SAF
facility at 13,000 barrels/day (~2,100 kL/day), targeting ~97% carbon conversion
efficiency and with airline offtakes secured.t4%> Another example is Energy China’s
100,000 tons/year (~342 klL/day) PBtL project, aiming to begin operations in
2027.>(iii,66

e PtL (TRL 5-8) is the least mature. While more than 60-85 PtL projects have been
announced globally, most remain in early development stages.®” More than half
are only at announcement or initial engineering phases, accounting for nearly
77% of planned global PtL capacity. Only 8 pilot- or demonstration-scale facilities
were operational by year-end 2024, collectively producing limited volumes
(approximately 4,000 tons in 2024, or 14 kL/day).® Limited availability of low-
cost green hydrogen and captured CO, continue to be the primary barriers to
commercial deployment.

India’s domestic technological maturity largely mirrors global patterns: HEFA is most
advanced, ATJ is commercializing, BtL and PBtL require demonstration, and PtL is still at an
early stage due to CO, constraints and higher costs. Despite PBtL being relatively new or
underdiscussed, it sits well within the broader SAF technology set in terms of commercial
readiness, and success in the demonstration phase would position it for rapid growth under
the right conditions.

2.4. PBTL’S PRODUCTION COST ADVANTAGE OVER OTHER SAF
PATHWAYS

This techno-economic analysis compares PBtL SAF production costs with those of the
other leading SAF pathways* The analysis reflects India-specific cost assumptions, uses
2030 as a base year, and expresses all costs in 2025 USD (unless otherwise stated).

The most important assumption for this comparison is the green hydrogen price, as it
is a major cost driver for PBtL and PtL. We use a baseline price of $3/kg, grounded in
recent real-world project price discoveries, independent forecasts of green hydrogen cost
trajectories, and our own modeling of an off-grid electrolysis project powered by solar

xiii All references to tons are metric tons—denoted “t”—unless otherwise stated.

xiv This analysis technically estimates the production cost of hydrocarbon liquids, but we estimate that these costs are approximately the
same as SAF production costs. See Appendix B.1.
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and battery storage (see Appendix A.l). Other assumptions shared across SAF pathways
include the $90/t delivered cost of agricultural residue which are used in the BtL and PBtL
pathways, the 25-year facility lifetime, the operational expenses (OPEX) of 5%, and the 10%
real discount rate.x Our estimates of the levelized costs of SAF production are shown in
Figure 2.4.1 for each SAF pathway, with descriptions of our methodology and sensitivity
analyses provided in Appendix A.2.
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FIGURE 2.4.1: Levelized cost of SAF production in 2030 for five SAF production
pathways under Indian cost conditions. Biofeedstock is agricultural residue for PBtL and
BtL, UCO for HEFA, and 1G ethanol for ATJ. PtL uses carbon from point-source capture
at an industrial facility.

HEFA achieves a levelized cost of SAF production of $1.49/L ($1,844/t). The UCO feedstock
dominates the cost structure ($1.07/L), followed by OPEX ($0.17/L), CAPEX ($0.15/L),
and hydrogen ($0.11/L). The SAF production cost is higher than earlier estimates in the
literature (e.g., $1.32/L) due to the recent rise in global UCO prices ($1,100/t), even though
India benefits from below-average capital and operating expenses.t7°

ATJ achieves a levelized cost of SAF production of $2.23/L ($2,759/t) using regulated 1G
ethanol ($0.86/L).”" Ethanol is the dominant cost driver for ATJ SAF ($1.43/L), followed by
CAPEX ($0.55/L) and OPEX ($0.25/L). This estimate is higher than literature values for
sugarcane (e.g., $1.86/L) because it assumes a standalone ATJ facility purchasing ethanol
at the regulated price, rather than vertically integrating with a sugar mill.6® Such integration
depends on site-specific co-location opportunities and may not be scalable nationwide.

xv The delivered cost of agricultural residue was provided by BiofuelCircle via email, referencing the platform’s real-world transactions.
Specifically, BiofuelCircle quoted the current price range for agricultural residue biomass pellets at $80-90/t as of March 2026, with baled
agricultural residue at $35-40/t and biomass briquettes at $60-70/t. We chose $90/t as a conservative assumption. See Appendix C.
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The standalone assumption therefore reflects a conservative and modular deployment
framework consistent with broader SAF commercialization. When using 2G ethanol from
crop residues (costing upwards of $1.0-1.1/L), the ATJ SAF production cost rises to roughly
$2.7/L.%° This underscores ATJ’s main challenge: it is strongly dependent on low-cost
ethanol, yet 1G ethanol is prioritized for gasoline blending in India, SAF regulations often
exclude 1G feedstocks from food and feed crops due to land use change concerns, and 2G
ethanol is expensive.

BtL achieves a levelized cost of SAF production of $1.78/L ($2,200/t), dominated by high
CAPEX ($0.97/L) and OPEX ($0.44/L), with the biomass feedstock having a smaller impact
($0.37/L). The SAF production cost estimate is lower than literature values for FT-based
SAF using agricultural residue (e.g., $1.98/L), in part owing to India’s lower-cost residue
supply.®?

PtL achieves a levelized cost of SAF production of $1.62/L ($2,000/t). Hydrogen is the
dominant cost component ($1.19/L), followed by CAPEX ($0.19/L), CO, capture from
industrial point sources ($0.15/L), and OPEX ($0.09/L). These findings align with estimates
from the literature for 2030, which typically reports PtL costs substantially higher than
conventional SAF pathways, such as in the range of $1.8-2.6/L under U.S. (on the lower
end) and European (on the higher end) electricity and hydrogen price assumptions.”” The
comparatively lower SAF production cost estimated here reflects India’s projected low-
cost solar electricity and hydrogen prices under 2030 deployment scenarios.

PBtL achieves a levelized cost of SAF production of $1.41/L ($1,746/t). This is materially
below common global SAF cost benchmarks of $1.6-2.4 /L, and roughly 30-40% lower
than upper-end global benchmark estimates, reflecting India’s record-low green hydrogen
prices and low agricultural residue costs."? Moreover, this production cost is 5 times lower
than e-SAF reference prices in the EU of $7.2/L, with e-SAF being a relevant market for a
fraction of the PBtL production.®®’2 Hydrogen is the dominant cost component ($0.79/L),
followed by CAPEX ($0.33/L), OPEX ($0.15/L), and biomass ($0.14/L). Under these baseline
conditions, PBtL has the lowest SAF production cost among these five prominent SAF
pathways.

Figure 2.4.2 illustrates pathways’ SAF production costs as a function of the green
hydrogen price. PBtL becomes the least-cost option once green hydrogen prices fall below
approximately $3.4/kg—Ilevels already approached or surpassed by India’s recent auctions
(even after taxes) and that seem consistently achievable in the near future (see Appendix
A. PtL does not eclipse PBtL in price until green hydrogen prices reach $1.5/kg, which is
not anticipated even by 2050 (see Appendix A.3); PtL will also eventually have to procure
CO, from non-fossil sources (e.g., direct air capture instead of point-source industrial
facilities), which will put upward pressure on prices. HEFA is largely insensitive to the price
of hydrogen, and ATJ and BtL are not affected at all. Thus, their costs will not meaningfully
decline as India’s renewable power costs fall further.
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FIGURE 2.4.2: Sensitivity of SAF costs to the green hydrogen price across the main
SAF production pathways in India. PtL uses CO, captured from point-source industrial
facilities, not the more electricity-intensive direct air capture.

Overall, the techno-economic analysis results suggest that PBtL can produce SAF at least
cost, assuming it can procure green hydrogen at prices below approximately $3.4/kg and
has ready access to agricultural residue. HEFA may continue to be competitive in the near
term given its current strong market position and the nascency of the green hydrogen
industry, but it remains limited by feedstock availability and sustainability concerns (e.g.,
fraud, land use change). PtL may find a niche in locations with inadequate agricultural residue
supplies, industrial facilities with point-source CO, capture and delivery infrastructure, and
low renewable electricity prices. It may also be an important long-term backstop should
SAF demand outpace what biogenic pathways can sustainably supply, particularly if direct
air capture costs fall sufficiently over that period. BtL is scalable but faces higher costs
than PBtL due to its lower carbon efficiency (though has an edge if green hydrogen prices
are only available above approximately $4.4/kg). ATJ faces regulatory barriers to cost-
competitiveness, with domestic petrol-blending mandates and other jurisdictions’ limits on
1G feedstocks (thereby implying the need for 2G ethanol) both driving high ethanol prices.

2.5. PBTL’S RESOURCE USE ADVANTAGE OVER OTHER SAF
PATHWAYS

The five SAF pathways under consideration differ greatly in the intensities of their carbon
emissions as well as the biomass, electricity, land, and water resources they require. In this
section, we highlight the differences between PBtL and other SAF pathways across these
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five environmental metrics. We rely on data from the literature as well as our own high-level
estimates rather than conducting a comprehensive lifecycle analysis.® We find that PBtL
SAF achieves the deepest GHG emissions reduction while striking the best balance among
its use of various inputs, thereby giving it the clearest path to scale.

Carbon intensity (Cl) measures the GHG emission reductions each SAF pathway can
achieve relative to fossil ATF. PBtL SAF achieves the deepest GHG emissions cuts across all
biogenic SAF pathways at upwards of a 95% reduction relative to fossil ATF. We refer to the
International Civil Aviation Organization’s (ICAO) Carbon Offsetting and Reduction Scheme
for International Aviation (CORSIA) lifecycle emissions values for SAF technology-feedstock
combinations of interest in India, which are available for HEFA, ATJ, and BtL pathways.”> We
use other estimates from the literature and our own analysis to provide carbon intensities
for PtL and PBtL. We compare these SAF pathways against a fossil ATF carbon intensity
benchmark of 88.7 grams of carbon dioxide equivalent per megajoule (gCO,e/MJ), which
represents a weighted global average value.” We also note that CORSIA estimates include
relatively low indirect land use change (ILUC) emissions estimates compared to NGO and
academic literature, and therefore we are likely understating PBtL’s Cl advantage relative
to pathways dependent on food or energy crops.xvi7>77

e HEFA SAF from used cooking oil has among the lowest carbon intensities per
CORSIA, at 13.9 gCO,e/MJ (84% reduction from fossil ATF). In theory, there are
no land use change impacts from the cultivation of waste oil feedstocks, and
any emissions come from collection, transportation, and pretreatment. However,
in practice, HEFA can have large hidden or unaccounted-for ILUC impacts to the
degree it ends up driving more virgin oil production, whether directly through
fraud (i.e., selling virgin oil as UCO) or indirectly through the displacement of waste
oils from other buyers.i In fact, known supplies of UCO and animal fats may be
nearly fully consumed by rising renewable diesel and SAF demand before the end
of the 2020s.8° Per CORSIA, HEFA reliant on oil crops like palm oil, soybeans, and
rapeseed would only reduce emissions by approximately 10-26% relative to fossil
ATF due to energy-intensive cultivation and ILUC impacts. Recognition of the risks
brought by this limited sustainable feedstock availability has led the UK and EU to
effectively cap HEFA’s contributions to SAF mandates and set stronger guardrails
on UCO imports.328'82 Despite these concerns, we use the 13.9 gCO,e/MJ value in
our analysis to compare the best-case scenario with PBtL SAF.

xvi We use single-point estimates with clearly stated assumptions throughout this section for simplicity, but we recognize that each SAF
technology-feedstock combination has a range of plausible values across each metric. We also note that, since we are relying on multiple
sources and methodologies, the boundaries of these lifecycle analysis estimates are not necessarily equivalent across SAF categories or
metrics. However, the estimates used throughout this section were chosen or designed to be robust- and consistent-enough to convey relative
magnitudes across SAF pathways.

xvii Land use change impacts occur from either converting natural environments to crop cultivation directly for use in SAF production
(direct) or by diverting existing crops to SAF production, thereby causing similar land use change elsewhere to serve the food or feed
demand these crops were previously serving (indirect).

xviii Fraud is a major concern because the incentives for fraud are enormous (i.e., sellers can earn much more from waste oils than virgin
oils), it is very difficult to verify if oil is waste or virgin, trade volumes and flows are suspicious, auditing is weak, etc.*””® Waste oils and fats
were also already being used by other industries like oleochemicals, soaps, and animal feeds—as these industries are generally not subject to
decarbonization requirements, they can turn to palm and other virgin oils if waste oils are diverted to HEFA, with highly detrimental impacts
to climate (e.g., rainforest clearing).”
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ATJ SAF from sugarcane-derived ethanol has a carbon intensity of 32.6 gCO,e/
MJ (63% reduction) per CORSIA, with emissions coming from crop cultivation and
ILUC. These emissions decline slightly when using agricultural residue (24.6 gCO.e/
MJ, or 72% reduction), with higher processing emissions but no ILUC impacts.®* ATJ
emissions can also worsen substantially if using other crops like corn (80.3 gCO,e/
MJ, or 9% reduction).

BtL SAF from agricultural residue has a very low carbon intensity of 7.7 gCO,e/MJ
(91% reduction)—well below when this same feedstock is used in the ATJ process,
owing in part to the efficiency advantage of not having to first make ethanol.

PtL SAF has a wide range of carbon intensity estimates in the literature, depending
on the sources of CO,, hydrogen, and electricity. For example, one literature review
finds estimates ranging from -8.3 gCO,e/MJ (109% reduction) to 44114 gCO,e/
MJ (397% increase—well beyond the range of qualifying as “SAF”).®3 Here, we use
an estimate of 5 gC0O,e/MJ (94% reduction) from using green hydrogen and CO,
captured from a cement production facility (with electrolyzer, carbon capture,
and FT equipment powered by clean electricity), with the credit for the captured
CO, being owned exclusively by the FT facilities.®4 Such a framework is allowable
under current EU rules through 2040, after which PtL SAF may need to use CO,
from biogenic sources or direct air capture to retain eligibility.®> Direct air capture
projects are highly energy intensive—with higher costs and competing demand
for renewable power in other applications making viability unlikely in the near-
to-medium term—but if powered by clean electricity, they can achieve PtL SAF
production at similarly low carbon intensities.8384

PBtL SAF from agricultural residue can achieve a carbon intensity below 4.5
gCO0,e/MJ (>95% reduction). This value falls below BtL SAF due to using much
less agricultural residue per unit SAF produced, owing to the efficiencies provided
by green hydrogen upgrading. This estimate assumes the use of 5% grid power
in hydrogen production, but 100% clean electricity could make this a near-zero
emissions product.

xix Agricultural residue—and other wastes and residues—are not immune to the fraud or ILUC concerns that we identified for waste oils and
fats in the HEFA pathway. See Section 5 for a brief discussion on how policy should think about protecting against these risks for agricultural

residue.
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FIGURE 2.5.1: Carbon intensity comparison across key SAF pathways.

Biomass use intensity measures the amount of biofeedstock needed to produce a ton of
hydrocarbon liquids.* A lower intensity allows for lower costs and higher yields given a
limited biofeedstock resource. PBtL can produce far more liquids for a given amount of
biofeedstock (agricultural residue) than competing pathways.

We compare PBtL with ATJ and BtL, as these pathways can utilize India’s abundant (but
not limitless) agricultural residue resource as a feedstock> ATJ most commonly uses
sugar-derived ethanol from the sugarcane crop (1G ethanol), but it can also use agricultural
residue (e.g., sugarcane bagasse for 2G ethanol)—we include both feedstock types in this
comparison. We do not discuss HEFA (due to its feedstock limits) or PtL (as it does not
depend on biomass). i

The ATJ pathway converts sugarcane juice or bagasse to ethanol, then ethanol to
hydrocarbon liquids. The conversion of ethanol to liquids has an efficiency on par with the
best PBtL pathway; both produce approximately 0.56-0.57 t liquids per t feedstock.5986
However, ethanol production has its own losses, particularly when using agricultural residue
as a feedstock; for example, sugarcane juice and bagasse yield 0.22 and 0.14 t ethanol per

xx See Appendix B.1 for a discussion of how liquids production translates to SAF production.

xxi That is, India has a very large supply of surplus agricultural residue, but it remains bounded by the size of the overall agricultural sector.
This residue is highly valuable as an essentially zero-carbon feedstock (on a lifecycle basis), and its efficient use should be prioritized.

xxii PtL can source its CO, from biomass, but this would either happen through gasification (in which case it is equivalent to PBtL) or from
capturing CO, from its combustion in a power plant or industrial facility (in which case the efficiency with which carbon from the biomass
feedstock makes it into SAF relative to PBtL is downgraded by losses from the carbon capture process).
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t feedstock, respectively.t” This makes the ATJ pathway far less efficient on net relative to
PBtL, with this gap widening when using more climate-friendly 2G ethanol over the more
controversial 1G ethanol.

The BtL pathway gasifies biomass and uses the FT process to convert hydrogen and carbon
into hydrocarbon liquids. However, it lacks sufficient hydrogen to react with the available
carbon. This, paired with other losses, means BtL only converts approximately 37-40% of
the carbon to liquids, while most is lost to the atmosphere as CO,.86:88-90

PBtL solves BtlL’s inefficient carbon utilization by supplementing the process with
additional hydrogen (i.e., beyond that produced from gasifying biomass) from electrolysis.
The literature reports a wide range of carbon efficiencies that PBtL can achieve, from
approximately 60-70% at the lower end to 91-98% under more optimized conditions
(e.g., lower electricity prices for higher green hydrogen use, higher rates of recycling CO,
off-gases back into the reaction).868-90 |n the rest of this section, we refer to low carbon
utilization (LCU) and high carbon utilization (HCU) PBtL cases corresponding to carbon
efficiencies of 67% (without rWGS) and 97% (with rWGS), respectively.® In the rest of
the paper, we use the HCU case, assuming this higher biomass efficiency is achievable
in India given its world-leading low green hydrogen prices and suggesting PBtL can get
approximately 2.6 times more SAF from the same agricultural residue input as BtL.

In sum, PBtL requires 4.5-6.5 times less agricultural residue as ATJ and 1.8-2.6 times less
residue as BtL." Of the produced liquids, ATJ has a standard SAF yield of 70-90% (with
the remainder being light ends and renewable diesel), while FT pathways (PBtL and BtL)
have a standard SAF vyield of 25-40%.”" While this improves ATJ’s favorability for SAF
production, it does not close the gap, even under the most favorable condition for ATJ
(90% SAF selectivity) and least favorable conditions for PBtL (25% SAF selectivity, LCU
case). As discussed in Appendix B., it is possible to increase SAF selectivity for the FT
process (including by reprocessing byproducts); this would add costs and reduce the sale
of byproducts (such as renewable diesel), but it could make sense if SAF were sufficiently
prioritized by policy or favored by the market.

xxiii  We apply an arbitrary 90% multiplier to PBtL and BtL biomass efficiencies from the literature for use in our analysis to make our
estimates more conservative. This is meant to account for the fact that these literature estimates are often using optimized conditions that are
difficult to achieve in practice.
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FIGURE 2.5.2: Biomass use intensity comparison across key SAF pathways.

Electricity use intensity measures the electricity required to produce a ton of hydrocarbon
liguids. While all five SAF pathways use electricity, all such uses are overwhelmed by
that of hydrogen electrolysis. As such, HEFA, ATJ, and BtL have very low electricity use
intensities. v PBtL’s electricity use intensity is about 1.6-2.1 times lower than that of PtL—
approximately 10-14 megawatt-hours (MWh) per ton of hydrocarbon liquids for PBtL’s LCU
and HCU cases, respectively, vs. 21-23 MWh/t for PtL depending on whether heat integration
is utilized.®% This gap is primarily explained by PBtL’s lower hydrogen requirement, which
in turn owes to being able to utilize the hydrogen produced from gasifying biomass. This
advantage is also conservative, as it does not consider electricity use required to capture
CO, for PtL, which would be relatively marginal for point-source capture but substantial
for direct air capture.

xxiv. HEFA does require hydrogen but uses approximately 4-6x less hydrogen than PBtL to produce the same quantity of hydrocarbon
liquids, with similar implications for its electricity, land, and water use (assuming the use of waste oils and fats with no fraud or ILUC
impacts).6992
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FIGURE 2.5.3: Electricity use intensity comparison across key SAF pathways (excluding
electricity needed for CO, capture for PtL).

Land use intensity measures the dedicated land required to produce a ton of hydrocarbon
liquids. The two components responsible for nearly all land use across these SAF
production pathways are crops for biomass cultivation and solar panels for electrolytic
hydrogen production. We do not attempt to estimate other land use impacts (e.g., SAF
production facility site footprint), as they are negligible in comparison. We also do not
differentiate between the use of fertile and marginal land, though crops require the former
(to the detriment of ATJ) while solar can be sited on the latter (to the benefit of PBtL and
PtL). PBtL has a slightly higher land use footprint than BtL or HEFA, a considerably lower
footprint than PtL, and a dramatically lower footprint than ATJ (when using 1G ethanol).»

HEFA and BtL have negligible land use impacts, as they are assumed to rely on wastes
and residues with very little need for electricity; that is, while some electricity is used as
part of these fuel production processes, this amount is washed out relative to electrolytic
hydrogen production used in PBtL and PtL.

PBtL has the next-lowest land use intensity, at approximately 0.01-0.02 hectares (ha) per
ton of hydrocarbon liquids, followed by PtL at 0.01-0.03 ha/t. These estimates are derived
from multiplying these SAF pathways’ electricity use requirements by a high (22.5%) or low

xxv Again, this assumes HEFA uses waste oils and fats with no fraud or ILUC impacts. If HEFA caused an expansion of virgin oil crops
(directly or indirectly), its land use intensity would be of a similar magnitude as ATJ with 1G ethanol.
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(16.0%) solar capacity factor, as well as a high-efficiency (3 acres per megawatt) or low-
efficiency (5 acres/MW) solar land use requirement.?4-97

ATJ has by far the highest land use impact when relying on 1G ethanol, at approximately
0.34 ha/t—nearly 17 times higher than PBtL’s upper bound. This estimate assumes India-
specific yields of 79 t/ha sugarcane, 84 L/t of ethanol from sugarcane, and 0.56 t/t of
hydrocarbon liguids from ethanol.69%8°° However, ATJ using agricultural residue would have
a land use intensity on par with HEFA and BtL.
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FIGURE 2.5.4: Land use intensity comparison across key SAF pathways. “Low”
represents the LCU case for PBtL and heat integration case for PtL, with high solar
capacity factor and high-efficiency solar land use efficiency assumptions. “High”
represents the HCU case for PBtL and no heat integration case for PtL, with low solar
capacity factor and low-efficiency solar land use efficiency assumptions.

Water use intensity measures the water required to produce a ton of hydrocarbon liquids.
The two components that require the vast majority of water across these SAF pathways
are crop cultivation and hydrogen electrolysis, with the former being several orders of
magnitude more water-intensive than the latter. PBtL therefore uses dramatically less
water than sugarcane-based ATJ and notably less water than PtL; while it uses more water
than HEFA and BtL, the quantities are relatively marginal i

xxvi Again, this assumes HEFA uses waste oils and fats with no fraud or ILUC impacts. If HEFA caused an expansion of virgin oil crops
(directly or indirectly), its water use intensity would be of a similar magnitude as ATJ with 1G ethanol (though there is a lot of variability in
water requirements by crop and water availability by region).

INDIA ENERGY AND CLIMATE CENTER

29



30

We estimate the water use intensity of ATJ using 1G ethanol from sugarcane at approximately
4,800 to 9,300 kiloliters per ton of hydrocarbon liquids>*¥i Our analysis uses total water
requirements from a case study of sugarcane cultivation in Maharashtra (in units of cubic
meters of water per ton of sugarcane); we then apply our earlier assumptions of ethanol
and ATJ liquids yields to arrive at our estimate.®® This total water requirement includes
both “blue water,” which estimates surface water or groundwater reservoirs withdrawn for
irrigation, and “green water,” which estimates rainwater utilized by crops.

The case study finds that Indian sugarcane relies somewhat more on blue than green water,
though the exact share can vary greatly by location (e.g., soil quality) and weather (e.g.,
rain available from monsoons). We refer to the total water requirement, but if the analysis
were limited to blue water, ATJ’s water intensity would remain very high relative to other
pathways. We also cross-checked our findings with the literature on water intensity of
sugarcane-derived ethanol production for India and a global average, and other studies’
findings aligned with the lower end of our water requirement range.'0-103

Forpathwaysusinghydrogenelectrolysis, weuseabaseassumptionof20-30L/kgof water for
hydrogen production, then apply this to pathways’ hydrogen requirements for hydrocarbon
liquids production.** We find electrolysis water requirements of 4-8 kL/t of water for liquids
production for PBtL and 10-15 kL/t for PtL.8%% In sum, PBtL uses 1.8-2.7 times less water than
PtLandhundreds-to-thousandsoftimeslesswaterthan ATJwith1Gethanol.Notably,thewater
requirements for electrolysis and FT may be zero or even negative on a net basis for the PBtL
pathway, as water consumed by electrolysis is returned in FT synthesis and condensation.®®

PtL PBtL

O e

FIGURE 2.5.5: Water use intensity comparison across key SAF pathways (kL water
per t hydrocarbon liquids), using the lower estimate of total water consumption for ATJ
(4,800 kL/t) and averaged estimates of total water consumption for PtL (13 kL/t) and

PBtL (6 kL/1).

xxvii  Water use is fully attributed to crops’ primary use (e.g., food production) rather than to agricultural residue. Residue should only have
water use attributed to it if the use of residue became a determining factor in whether or not the crops would have been cultivated.

INDIA ENERGY AND CLIMATE CENTER



In summary, PBtL achieves the deepest GHG emissions reduction among all SAF pathways
while using resources most efficiently on balance. HEFA is extremely feedstock-constrained,
and expanding beyond waste oils would eliminate its GHG benefits. ATJ with 1G ethanol
uses an enormous amount of water and land and contributes to land use change to the
detriment of its carbon intensity. BtL requires much more agricultural residue than PBtL,
and ATJ with 2G ethanol uses far more than both BtL and PBtL. PtL requires considerably
more electricity—and by extension, land and water—than PBtL, and it will eventually need
to source CO, from sustainable bioresources or ambient air (each with their own resource
use implications) to continue to serve SAF mandates. These factors position PBtL to be
the most scalable SAF pathway, as it does not rely on dedicated crop production, gets
much more fuel out of India’s limited (if large) surplus agricultural residue supply, and
leverages this residue to reduce its electricity demand to much more reasonable levels. In
other words, PBtL presents the most balanced resource use profile.

2.6. PBTL’S CO-BENEFIT ADVANTAGE OVER OTHER SAF
PATHWAYS

SAF production can deliver a range of co-benefits relative to fossil ATF, including
strengthening domestic energy security, supporting domestic jobs, and monetizing waste
products like agricultural residue. i In this section, we describe and quantify two particularly
important co-benefits—reducing GHG emissions and reducing premature mortality from
local air pollution—and explain why PBtL can maximize these co-benefits relative to other
SAF production pathways.

SAF’s primary co-benefit lies in reducing GHG emissions and their associated negative
impacts, which are often expressed in terms of the social cost of carbon—an estimate of
the monetary damage caused by emitting one ton of CO,. India has one of the highest
estimated social costs of carbon globally at $86/tCO,, reflecting its high vulnerability to
extreme heat, floods, and crop loss. 106

Regulatory markets can give some insight into how low carbon intensity scores can translate
into financial benefit. India’s Carbon Credit Trading Scheme (CCTS) is its first market to
explicitly price CO, emissions, though its coverage is limited to certain industrial sectors
(i.e., it does not cover aviation).®” While CCTS trading has not yet started, analysts expect
near-term prices to trade around $2-16/tC0O,.°¢ As another point of reference, the EU’s
Emissions Trading System Carbon Permits have frequently traded above $86/tCO, over the
last four years, at times surpassing $100/tCO,, and are forecast to approach $150/tCO, by
2030—showing that low-Cl products are already demonstrating market value for SAF at

xxviii The term “co-benefit” assumes SAF’s core benefit is providing aviation fuel.

xxix  There are a wide range of estimates of the social cost of carbon in the literature. For example, another study finds that the social cost of
carbon in India ranges from $80-130/tCO,, and global estimates have reached upwards of $1,000/tC0,."% We use $86/tCO, in our analysis as
an India-specific estimate that falls within the band of carbon pricing schemes implemented elsewhere.

INDIA ENERGY AND CLIMATE CENTER

31



32

levels comparable to India’s estimated social cost of carbon.°®"® SAF pathways with low CI
scores, especially PBtL (with green hydrogen and agricultural residue) and PtL (with clean
power), therefore bring deeper market value through their climate benefits, especially in
jurisdictions with higher carbon prices like the EU.

Another potential major co-benefit of SAF is reducing local air pollution by redirecting
agricultural residue away from being burned and toward a productive use. This benefitis only
realized by pathways that utilize this residue, namely PBtL and BtL. Recent epidemiological
studies estimate that crop residue burning has contributed 44,000-98,000 premature
deaths annually in India from 2003-2019, imposing a $23 billion premature mortality cost
each year, equivalent to roughly $230 per ton of rice straw burned.>*" Redirecting even a
fraction of India’s estimated 130 Mt/yr of burned crop residue into SAF production would
avoid this premature mortality and deliver a series of co-benefits that are not captured in
this $230/t valuation estimate, such as avoided health expenditures (e.g., hospitalizations,
chronic morbidity treatment), avoided productivity losses from illness, new job creation
in residue collection and densification, and reliable income for farmers M Thuys, the true
value of avoided local air pollution is likely much higher than quantified as part of this
analysis.

In Figure 2.6.1, we compare each SAF pathway’s 2030 levelized cost of SAF production
when accounting for financial estimates of the social cost of carbon and avoided premature
mortality from local air pollution (which does not include other co-benefits of reducing
crop residue combustion). All SAF pathways have lower CO, costs relative to fossil ATF, and
SAF pathways that utilize surplus agricultural residue (namely PBtL and BtL) have large
additional benefits relative to the other SAF pathways as well as fossil ATF. We assume
a social cost of carbon of $86/tCO, (which adds $0.22/L to the fossil ATF price) and a
benefit of avoiding premature deaths from local air pollution of $230/t (which subtracts
$0.36/L from the PBtL SAF cost).

xxx  The $230/t estimate comes from dividing the $23 billion annual average premature mortality cost from 2003-2019 by the 100 Mt annual
average crop residue burned from 2003-2016.

xxxi See Section 4 for the basis for our estimate of 130 Mt/yr of agricultural residue being burned in India.
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FIGURE 2.6.1: Estimates of the net levelized cost of SAF production and fossil ATF
prices in 2030 when valuing the social cost of carbon (using $86/tC0O,) and the benefit
of avoiding premature deaths from local air pollution (using $230/t residue).

Monetizing the avoided premature deaths benefit makes BtL the most cost-effective
option among SAF pathways on a per-liter basis. But the cumulative avoided premature
deaths benefit between BtL and PBtL would be identical if all surplus agricultural residue
were put to use, and PBtL would produce several times more SAF. Additionally, unless
policy provides a financial reward for this pollution-reduction benefit, PBtL SAF will be less
expensive than BtL in the market.

Incorporating the social cost of carbon and the benefit of avoiding premature deaths from
local air pollution makes the 2030 production cost of PBtL SAF lower than India’s fossil ATF
price for international runs (the less-expensive ATF price indicator). These price dynamics
are explained further in Section 3.2.

Overall, this analysis demonstrates how Indian policy supporting residue-based SAF could
make immediate financial sense, even when limiting monetization of externalities to just the
social cost of carbon and avoided premature deaths from local air pollution. Supporting
residue-based SAF would provide a range of additional benefits to those quantified here,
possibly including increased tourism in New Delhi (currently heavily affected by local air
pollution from burning crop residues), reduced national health burdens, stronger rural
supply chains, more financially secure farmers, and a more stable and affordable aviation
sector.
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2.7. SUMMARY

Across the five SAF production pathways, HEFA dominates current SAF production and
is currently cost-competitive, but its growth is severely constrained by limited domestic
waste oil supply in India and globally, with the market already plagued by concerns over
fraud and indirect land use change. ATJ has challenging fundamentals—our analysis
suggests ATJ with 1G ethanol has the highest costs among SAF pathways, questionable
climate benefits (which could preclude its use in markets that cap or ban the use of food
and feed crops), and substantial water and land use requirements. Using 2G ethanol would
reduce ATJ’s carbon and resource use intensities but further raise its costs. However, ATJ
could play a complementary role to the degree it supports energy security by facilitating a
quicker transition away from fossil ATF or if vehicle electrification frees up ethanol that is
today blended with gasoline. BtL struggles with low carbon efficiency, and PtL faces high
electricity demands and a lack of CO, capture infrastructure.

PBtL emerges as the most cost-competitive and scalable pathway for SAF production in
India. While this route is highly sensitive to hydrogen prices, PBtL is already on the precipice
of being the least-cost SAF option given India’s rapidly declining green hydrogen costs, as
evidenced in recent tenders (see Appendix A.l). Moreover, PBtL is uniquely positioned to
maximize value from India’s abundant surplus agricultural residues, which do not contribute
to food security conflicts or violate jurisdictional SAF regulations. It also makes efficient use
of India’s electricity, land, and water resources. Lastly, PBtL achieves the largest lifecycle
GHG reductions among all SAF pathways while simultaneously reducing local air pollution.
Figure 2.7 provides a qualitative summary of our analysis throughout Section 2, illustrating
at a glance why India should prioritize PBtL among SAF production pathways.
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3.POWER-AND-BIOMASS-TO-
LIQUIDS VS. FOSSIL AVIATION
TURBINE FUEL

In this section, we offer a perspective on the market size of ATF in India and SAF globally,
then provide forecasts of PBtL SAF production costs and fossil ATF prices based on market
dynamics, monetary risk exposure, and their combined effects. ¥ We find PBtL can satisfy
regulated SAF demand (and much of the broader Indian ATF market), insulate Indian
aviation markets against fossil ATF price spikes, and achieve SAF production costs that
could fall below fossil ATF prices in the 2030s.

3.1. PBTL’S ENORMOUS MARKET OPPORTUNITIES

India’s aviation sector is widely expected to experience rapid growth, due in part
to new airport infrastructure investments, increased aircraft capacity and regional
interconnectivity, and rising incomes. A broad range of industry stakeholders—including
airlines, manufacturers, trade associations, and consulting groups—forecast passenger
traffic and ATF growth rates of 11-15% in the near term and 6-9% over the longer term.""
"5 This analysis uses a growth rate of 7.7%, putting India on the same development
trajectory as China and on track to reach China’s current ATF consumption in 20 years. i

70 4
60 - S
'd
e
~
E 50 ,,I
~ ’
c Vs
2 40 ~ S
Q il
: -
w30 PR
c -
[*] -
. - e Historical
E 20 ”I’
’,a" === Projected
© 7-/\/—’
0 T T T T T T S T \
9 2 o 3 5 = 5 o
o) o) o) o o) o) o) o) e)
/Q /\3\\/ v’Q 9\5‘\ @Q \%\\ 70\ 7\5: \S‘O\
7 Q > % S % 2 % S

Fiscal Year (April to March)

FIGURE 3.1.1: India ATF demand.

xxxii ~ This analysis technically estimates the production cost of hydrocarbon liquids, but we estimate that these costs are approximately the
same as SAF production costs. See Appendix B.1.

xxxiii ~ This high-level forecast does not account for efficiency gains, which could lower demand by 10-20%.
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This development trajectory implies India’s ATF consumption will grow by approximately
five times by 2047. Without timely drastic changes, India—which currently imports nearly
90% of its crude oil—risks becoming even more vulnerable to crude oil price shocks and
supply shortages, undermining its goal of self-reliance.®

Section 2 finds that PBtL SAF is a scalable, cost-effective option for supplying much of this
new ATF demand with domestically produced fuel that uses local agricultural residue and
India’s high-quality solar resource. PBtL’s limiting factor is the supply of residue available
to SAF production. We assume the absolute ceiling is the upper estimate of India’s surplus
agricultural residue of 235 Mt—if exclusively used in the PBtL process, this could produce
as much as 67 Mt (83 million kL) of SAF (assuming 0.574 tons of FT liquids per ton of dry
biomass and 50% SAF selection from FT).2489 A more conservative estimate is the amount
of agricultural residue burned in fields of 130 Mt, which could produce 37 Mt (46 million kL)
of PBtL SAF>V Burned residue is clearly problematic and well-suited for diversion to PBtL,
while some of the unburned surplus residue may be providing a service that is not clearly
documented. If PBtL’s use of this residue were to cause previous users to find replacements
(e.g., more chemical fertilizer or animal bedding), it could undermine the SAF’s climate
benefit. Lastly, other applications may also seek to compete for this same limited pool
of residue (e.g., brick kilns, chemicals production facilities), further depressing PBtL SAF
supply.

While it is difficult to know how much PBtL SAF can be sustainably produced, these
estimates help bound its potential. The high-end estimate of 67 Mt exceeds our estimated
ATF demand for India in 2050 of 62 Mt, implying PBtL SAF has the technical potential to
fully replace India’s fossil fuel jet consumption. i At more likely lower levels, it could still
play the dominant role in reducing India’s dependence on imported fossil ATF, supported
by improvements in aircraft efficiency, small amounts of HEFA and ATJ SAF, and the longer-
term development of PtL SAF (presumably relying on direct air capture CO,).

Before PBtL SAF is competitive with fossil ATF, it will likely depend on regulatory demand
for SAF domestically and abroad. India has a SAF blending goal of 5% by 2030, which
initially only applies to international flights.®* This implies a quantity of approximately 0.18
Mt (0.22 million kL), or 0.70 Mt (0.87 million kL) if expanded to include domestic flights.
The EU represents a much larger market with a mandate for fuel suppliers to blend 2% SAF
in 2025, rising to 70% by 2050—suggesting a SAF demand of 2.8 Mt (3.5 million kL) by
2030 and growing continuously thereafter.3'"® Notably, the EU’s mandate excludes the use
of SAF derived from food and feed crops, which would rule out ATJ SAF from sugarcane

xxxiv See Section 4 for the basis for our estimate of 130 Mt/yr of agricultural residue being burned in India.

xxxv  Current ASTM standards limit FT-based SAF to a 50% blend with fossil ATF, but this limit may be increased or eliminated by 2050.
xxxvi PBtL’'s market opportunity in the aviation and power sectors is enormous for the relatively small amount of land it would require.
Supplying all 62 Mt of India’s forecast 2050 ATF demand with ATJ SAF from 1G sugarcane ethanol would require on the order of 6-7% of
India’s land, all of which must be fertile. By contrast, supplying this SAF exclusively with PBtL would require on the order of 1,000 gigawatts of
solar, requiring approximately 0.4% of India’s land (none of which must be fertile). This would also greatly boost India’s clean energy industry
while supporting farmers by paying them for the surplus residue that they previously had to burn or otherwise remove.
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crops, for example.® The UK also has a mandate for a 2% SAF blend in 2025, 10% blend
by 2030, and 22% blend by 2040, while excluding SAF derived from food, feed, or energy
crops—providing another estimated 2.9 Mt (3.6 million kL) of SAF demand by 2040 3217xxxii
Collectively, these regulatory demands can support the commercialization, scaling, and
downward cost trajectory of India’s PBtL SAF industry.

3.2. PBTL’S FAVORABLE LONG-TERM MARKET DYNAMICS OVER
FOSSIL ATF

This analysis models PBtL SAF production costs and fossil ATF prices through 2050,
focusing on the impact of market drivers like crude oil, green hydrogen, and agricultural
residue prices as well as financial policy drivers like taxes and subsidies Vil The most
influential factor affecting PBtL SAF costs is the price of green hydrogen, whereas fossil
ATF prices are most impacted by crude oil prices, the jet crack spread (i.e., the difference
between the price of jet fuel and the price of the crude oil used to produce it), and local
and national taxes (which may not be applied identically to SAF). See Appendix A.3 for
methodological details and sensitivities.

Under our base case assumptions, PBtL SAF production costs would fall below
baseline fossil ATF prices (for domestic airlines on international runs) in 2041 at
approximately $1.01/L ($1,253/t) in real 2024 dollars. However, PBtL SAF costs
could fall below fossil ATF prices as early as 2033 if global oil prices follow the EIA
High Case trajectory or jet crack spreads reach their 2016-2025 high of $70/bbl.
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FIGURE 3.2.1: India PBtL SAF production cost vs. fossil ATF price forecast
(international runs), in real (2024) dollars.

XXXVil Both the EU and UK SAF regulations have carve-outs for synthetic aviation fuels (effectively PtL), equal to 35% by 2050 and 3.5%
by 2040 of total jet fuel demand, respectively. A small share of PBtL fuel may be able to qualify (e.g., to the degree it uses waste CO2 from
the process rather than syngas), but further regulatory clarification is needed on this distinction.

XXXViii The differential between the production cost and market price of PBtL SAF depends on go-to-market components embedded

in any market price such as certification, logistics, and seller margin, so this analysis is not a like-for-like comparison of SAF vs. fossil ATF.
Instead, this analysis is meant to show broader cost trajectory trends, demonstrating how PBtL SAF could become competitive with fossil ATF
under the right conditions or policy support.
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PBtL SAF costs could fall below fossil ATF prices for domestic airlines on domestic runs
(which industry reporting shows is more expensive than international runs) by 2034 under
baseline crude oil and jet crack spread price trajectories, assuming the factors responsible
for this difference in ATF prices do not affect SAFxixn8

PBtL SAF costs could also fall below fossil ATF prices much earlier if India provides policy
support for domestic PBtL SAF production. Our base case finds a gap between PBtL SAF
production costs and fossil ATF prices for international runs of $0.45/L ($554/t) in 2030
and declining thereafter, but there is strong evidence in favor of using policy to close
this gap sooner. For example, as discussed in Section 2.6, PBtL SAF provides an avoided
premature death benefit of $230 per ton of avoided crop residue burning, equivalent to
$0.38/L ($469/t) if offered as a subsidy. Additionally, pricing in the carbon cost of fossil
jet fuel would add $0.22/L ($277/t) if using the estimated social cost of carbon for India
($86/tCO,), and it would add a near-term approximation of $0.03/L ($32/t) if instead
expanding India’s CCTS scheme (expected at prices of approximately $10/tCO,) to include
aviation. Whether by creating systems to value these co-benefits or offering a direct
financial incentive to PBtL SAF production, there is justification for policy to make PBtL
SAF production lower-cost than fossil ATF prices as early as 2030—even for the cheaper
international runs.

Our base case reflects conditions before the U.S.-Israel strikes on Iran and the resultant
closure of the Strait of Hormuz. This recent crisis has led to a historic increase in both
crude oil prices (averaging $197/bbl or $1.24/L for week ending March 20, 2026) and jet
crack spreads (averaging $86.22/bbl or $0.54/L)."° It remains to be seen how much further
prices could rise, how long they will remain elevated, and what impact this conflict will have
on the broader industry.X The event demonstrates that even our wide band of forecasted
fossil ATF prices does not capture the real volatility of the oil market, and price parity with
PBtL SAF costs could be closer than described in the remainder of this section. In fact,
holding the rest of our assumptions constant, recent crude oil prices and jet crack spreads
would put Indian fossil ATF prices (for domestic airlines on international runs) at $2.39/L,
or 70% higher than estimated 2030 PBtL SAF costs.

XXXiX For example, this fossil ATF price difference for international vs. domestic runs could be due to tax structures that could also
affect PBtL SAF to an equal or greater degree. However, we would not expect PBtL SAF to be subject to the same taxes as fossil ATF, as the
vast majority of fossil ATF in India depends on imported crude oil, whereas PBtL SAF would be produced domestically (with any taxes on
solar, electrolyzers, and agricultural residue already priced into our analysis).

x| IndianQil has not been publishing current-day Indian jet fuel prices since the closure of the Strait of Hormuz (as of May 22, 2026), so we
cannot validate this conflict’s impact on the domestic market using the same source that we relied on for our core analysis. Independent
outlets reported that IndianOil doubled its jet fuel price to 207,341 rupees per kiloliter ($2.19/L) before quickly revising them back down to
104,927 rupees per kiloliter ($1.12/L), with the government stepping in to moderate the price increase for domestic flights.12012!
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3.3. PBTL’'S LOWER MONETARY RISK EXPOSURE RELATIVE TO
FOSSIL ATF

This analysis models the levelized SAF production cost of a PBtL facility commissioned
in 2030 versus the levelized cost of purchasing fossil ATF over this facility’s lifetime,
focusing on the estimated impacts of monetary risks like commodity price inflation and
rupee depreciation against the U.S. dollar. It builds from the analysis in Section 3.2 to offer
insight on how PBtL projects’ contract structures could help close the cost gap with fossil
ATF by offering resilience to these monetary effects. We find that Indian PBtL projects
built in 2030 may produce SAF at costs that are only 18% more expensive than fossil ATF
purchases over these projects’ lifetime (rather than 46% as estimated by a single-year
comparison in Section 3.2).

India imports the vast majority of its ATF feedstock as crude oil, which is purchased in
U.S. dollars. ATF wholesale prices in India have inflated at an average of 5.0% per year in
nominal rupee terms over the period 2005-2025.?2 When converted to U.S. dollar terms
using annual average INR/USD exchange rates, ATF prices have inflated at approximately
1.9% per year. The remaining 3.1% is attributable to rupee depreciation against the dollar
over the same 20-year period.

By contrast, domestic PBtL SAF projects represent a one-time capital expenditure that
can deliver long-term, rupee-denominated jet fuel contracts that provide price stability
over the life of the project. The dominant input costs (renewable electricity and green
hydrogen) are either integrated on the project structure or contracted through long-term,
rupee-denominated power purchase agreements at fixed nominal tariffs, consistent with
the structure of recent Solar Energy Corporation of India (SECI) auctions.”®'>* Electrolyzer
stack replacements and other operating expenditures are incorporated in OPEX and do
not carry USD-denominated import exposure. As a result, the levelized cost of PBtL SAF is
largely insulated from both international commodity price inflation and the historical trend
of rupee devaluation against the dollar.

Figure 3.3.1 decomposes the levelized cost of fossil ATF purchased over the same 25-year
life of the PBtL facility to illustrate the impacts of inflation and rupee devaluation At the
2030 base price of 87 INR/L ($0.97/L, assuming a 90 INR/USD exchange rate in 2030),
the 25-year levelized cost increases by 11 INR/L due to ATF inflation in USD terms (1.9%/yr)
and by 9 INR/L due to an assumed half of historical rupee depreciation (1.6%/yr), yielding a
combined levelized cost of 108 INR/L. Considering our estimated levelized cost of PBtL SAF
at 127 INR/L, this is only 18% over the fossil ATF price. Error bars reflect ranges based on
historical inflation and rupee depreciation rates, with lower bounds of 1% and upper bounds
of 4% for each parameter. The higher ranges of both parameters could immediately close
the gap between the levelized costs of PBtL SAF production and fossil ATF purchases. See
Appendix A.4 for more detail.

xli All costs are levelized at a nominal discount rate of 10%.
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FIGURE 3.3.1: Levelized cost comparison of fossil ATF (based on imported crude oil)
and domestic PBtL SAF production for plants commissioned in 2030.

3.4. SUMMARY

The previous two sections examine PBtL economics from two complementary angles.
Section 3.2 compares PBtL SAF production costs against fossil ATF market prices in real
dollar terms, finding crossover under base case assumptions in 2041. Section 3.3 shows how
domestic PBtL SAF projects are structurally insulated from two monetary forces that drive
up nominal fossil ATF costs year after year: USD-denominated commodity price inflation
and rupee depreciation against the dollar. This section combines these two analyses to
estimate the year in which a commissioned PBtL project will achieve lower levelized SAF
production costs over 25 years than fossil ATF purchases over this same time span. We
find that PBtL SAF production reaches levelized cost parity with fossil ATF purchases for
projects commissioned in 2036 under base case conditions.
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FIGURE 3.4.1: Nominal 25-year levelized production costs for PBtL SAF projects
commissioned in the reference year (or fossil ATF purchases beginning in the reference
year).

In sum, Indian PBtL SAF has access to a large regulated market (especially in Europe) that
it is price-advantaged to sell into and which can help to spur the industry’s development
and downward cost trajectory. Depending on the share of sustainable agricultural residue
it has access to, PBtL SAF can supply a large proportion of India’s rapidly growing ATF
demand. At first, this SAF can hedge against unpredictable, uncontrollable price spikes in
fossil ATF while bringing a suite of other benefits—such as bolstered energy self-sufficiency,
increased export opportunities, progress toward Indian SAF blending goals, and reduced
local and global air pollution. Over a longer time span, our analysis suggests it can compete
directly with fossil ATF.

While we estimate that levelized cost parity will arrive for PBtL projects commissioned in
2036, we do not want to give a sense of false precision—many variables will determine
whether this year of cost-competitiveness arrives earlier or later. Oil price spikes, policy
incentives, tax rate adjustments, and monetary trends (e.g., higher rates of commodity price
inflation or rupee devaluation) would all improve domestic PBtL SAF projects’ economics
relative to fossil ATF reliant on imported crude oil. On the other hand, costs to bring PBtL
SAF to market (e.g,, fuel transport costs, producer’s markup) will favor fossil ATF’s relative
economics. A broader conclusion is that cost parity is possible in the 2030s under base
case conditions. Beginning to develop a domestic PBtL SAF industry can ensure India is
positioned to capitalize on this opportunity, and from there, policymakers will be able to
tune its growth based on market and monetary conditions as well as government self-
sufficiency goals.
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4. POWER-AND-BIOMASS-TO-
LIQUIDS NEAR-TERM GROWTH
OPPORTUNITY

As laid out in Sections 2 and 3, analysis suggests PBtL is the most cost-competitive and
scalable pathway for SAF production in India and that it will eventually undercut fossil ATF.
In this section, we provide a spatial analysis of surplus agricultural residue availability and
green hydrogen economics on a district-level basis to estimate local PBtL SAF production
costs and supply potentials, with our methodologies described in Appendix A.5. This can
help identify where demonstration projects and early commercial investments may find the
most success en route to a much larger and broader PBtL SAF industry.

Figure 4.1 shows the estimated magnitude of surplus agricultural residue burned annually
by state and union territory. Uttar Pradesh leads with 22.8 Mt of surplus agricultural residue
burned each year, followed by West Bengal (11.9 Mt/y) and Madhya Pradesh (10.5 Mt/y).
This suggests that northern and eastern India have the most readily available surpluses of
agricultural residue. The feasibility of aggregating this agricultural residue at industrial scale
is demonstrated by India’s emerging biomass supply chain, which includes aggregators
operating networks of rural storage depots with managed seasonal collection and year-
round delivery (see Appendix C).
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FIGURE 4.1: Aggregate tons of agricultural residue burned annually by Indian state and
union territory (total of 130 Mt).
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Next, we estimated the levelized costs of solar electricity and green hydrogen in India at
the same spatial resolution. The levelized cost of green hydrogen was estimated using a
flat-block solar configuration, which complements solar electricity with 15 hours of co-
located battery storage to enable electrolyzers to operate above a 95% load factor”

Figure 4.2 combines these analyses to present quantities of agricultural residue that are
currently burned and PBtL SAF production costs along the same spatial dimensions. It also
overlays India’s ten busiest airports, which represent 71% of cumulative air traffic and 73%
of cumulative ATF consumption.’>
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FIGURE 4.2: Levelized cost of PBtL-derived SAF mapped against India’s busiest
airports (2030).

In general, a spatial mismatch is evident: the districts with the largest supplies of surplus
agricultural residue generally do not coincide with the districts with the highest solar
resource quality—and the region where they do (central-eastern corridor) has no top-
10 airports in close proximity. This underscores the importance of strategically choosing
where to site and support early-stage PBtL SAF projects to set them up for the highest
chance of success.
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Based on this assessment, the areas surrounding the Delhi, Pune, and Mumbai airports
appear most favorable to support first-of-a-kind, fully integrated PBtL SAF production
projects (i.e., where agricultural residue collection, green hydrogen production, and
PBtL SAF production all happen in the same locale). Specifically, Maharashtra, Haryana,
Rajasthan, and Uttar Pradesh may be best suited for demonstration projects and early PBtL
SAF industry development.

In further growing the industry, developers and policymakers will want to weigh several
factors to better gauge how to achieve lowest delivered SAF prices, including:

e The amount of surplus agricultural residue in the region (or the cost of
transporting it from an area of high supply);

e The cost of PBtL SAF production, including whether lower costs are achievable
if a developer is able to build or access a hydrogen pipeline from a region with
lower green hydrogen prices; and

* The logistics and cost of transporting SAF to airports, noting it is generally
easier and cheaper to transport liquid aviation fuel than it is to transport
solid biomass (often heavy and bulky) or gaseous hydrogen (which requires
pipelines designed specifically to carry hydrogen).

In the industry’s earlier stages, it may be best to prioritize low-cost PBtL SAF production,
then screen these sites for residue sufficiency (i.e., to ensure there is enough to support
a large-scale facility) and the logistics of transporting fuel to airports. As costs fall and
demand rises, the priority may shift to areas of high residue supply despite relatively higher
PBtL production costs, such as West Bengal (home of Kolkata airport).
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5.DISCUSSION AND
RECOMMENDATIONS

5.1. RECAP

India has an opportunity to use its low-cost green hydrogen and large surplus agricultural
residue resources to develop a domestic power-and-biomass-to-liquids sustainable
aviation fuel industry, which can help address its high dependence on imported oil, high
air pollution from crop residue fires, and aviation sector’s rising greenhouse gas emissions.

These advantages translate to PBtL being the least-cost SAF pathway for India—at least
when green hydrogen prices fall below $3.4/kg, which may have already been achieved
in recent auctions. PBtL SAF can also deliver the deepest GHG emission reductions while
offering the most balanced resource use profile, meaning it should not face the same
structural barriers that limit HEFA, ATJ, and BtL’s scalability and PtL’s nearer-term growth.
PBtL SAF production delivers a range of co-benefits that justify policy support, including
reducing local air pollution (which in turn avoids premature deaths, increases productivity,
boosts tourism, etc.) and strengthening India’s rural economy (e.g., by valorizing farmers’
surplus agricultural residue and boosting jobs for collection and densification).

Indian PBtL developers will be able to sell into regulatory markets for SAF—thanks in
part to not relying on food, feed, or energy crops—where they can attract higher prices
and support the industry’s initial demonstration and deployment. Because this estimated
production cost is already below global SAF benchmarks while international mandate-
driven demand is growing, India has a significant export opportunity that can finance early
scale-up before PBtL SAF reaches stable parity with domestic fossil ATF. As PBtL prices
fall, its SAF can act as a hedge against volatile fossil ATF, then compete directly on price.
We estimate that price parity is achievable in the 2030s, with oil price spikes, public policy
that values health and climate externalities, and fossil ATF’s exposure to monetary risk
(e.g., commodity price inflation, rupee devaluation) all able to push this date sooner, while
costs to bring SAF to market could situationally push this date later. There is too much
price volatility to expect a clean, single year of price parity—for example, we estimate PBtL
SAF production costs are already 40% cheaper than recent fossil ATF prices due to the
Strait of Hormuz closure—but efforts to develop a PBtL industry can improve India’s fuel
security in such crises and ensure it is ready to quickly scale when PBtL achieves a more
stable price advantage.
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Policymakers and developers will want to site initial projects where PBtL costs are low,
agricultural residue is abundant, and large airports are nearby. We identify the regions
around the Delhi, Pune, and Mumbai airports to be advantageous for first-of-a-kind
projects and the industry’s early growth. Expansion thereafter will depend on more
complex assessments that balance green hydrogen prices (produced on site or delivered
via pipeline), residue availability (aggregated in the region or delivered via truck or ship),
and SAF transport and delivery to airports.

5.2, POLICYMAKER CONSIDERATIONS

The case for PBtL SAF is strong in theory, and critical pieces are falling into place, including
successful green hydrogen auctions at low prices (see Appendix A.l), an emerging
agricultural residue supply chain and marketplace with long-term storage (see Appendix
C), and a global need to expand SAF beyond HEFA due to feedstock constraints. However,
the PBtL SAF industry likely will not develop on its own—it needs government support
to help bring all the pieces together, de-risk first-of-a-kind demonstration projects, and
connect it to regulatory markets at home and abroad.

One example of such support would be working with India’s integrated public sector
undertakings (PSUs)—Indian Qil Corporation, Bharat Petroleum, and Hindustan Petroleum—
alongside upstream majors like ONGC, as these companies dominate India’s aviation fuel
supply chain.?® These entities are well-positioned to anchor early PBtL deployment for
several reasons: they control refining, fuel distribution, and ATF supply infrastructure that
PBtL SAF must integrate into; their balance sheets and access to government-backed
financing can absorb the high capital costs and first-of-a-kind risks associated with novel
SAF facilities; and they are the primary participants in government-led tenders for green
hydrogen, biofuels, and SAF initiatives. At the same time, private developers and green
hydrogen specialists (e.g., Ocior, ACME, ReNew, L&T) are likely to play complementary roles,
particularly in the upstream green hydrogen supply that PBtL requires. Policy support for
PBtL demonstration will be most effective when designed to leverage both PSU integration
capabilities and private-sector specialization.

However, policymakers must also take care with how they support PBtL in order to protect
against unintended consequences. For example:

e Policymakers should exclusively support green hydrogen, with electrolyzers
powered by new, deliverable, hourly-matched clean power (which our flat-
block solar modeling as laid out in Appendix A.1 would achieve).'” PBtL’s use of
hydrogen derived from a methane feedstock (e.g., steam methane reformation,
autothermal reforming) or from water electrolysis using dirty electricity would
end up increasing India’s exposure to fossil fuels and their price volatility, eroding
PBtL’s value proposition.
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e Policymakersshouldimplement guardrails to maximize the redirection of agricultural
residue that is currently burned to PBtL SAF production and minimize instances
in which farmers sell residue that they then need to replace with other purchases
like chemical fertilizer (as this would indicate the residue is not surplus, with its
use causing downstream impacts). Policymakers should also be careful not to set
incentives so high as to encourage farmers to grow crops that they would not have
grown if not for the value that these crops’ residue provides, as this would cause
land use change that puts the SAF’s emissions reduction integrity in doubt.

e Policymakers should not categorically support SAF without tuning it for PBtL.
Doing so could lead to expansions of HEFA with virgin oil feedstocks, ATJ with 1G
ethanol, and BtL, all of which are simpler than PBtL (i.e., don’t have the same early
industry barriers to overcome) and could crowd the market with more expensive,
lower-value fuel. For example, the use of food crops (e.g., sugarcane for ethanol)
will require more fertilizer, most of which relies on imported fossil fuels, again
worsening rather than improving self-sufficiency.

e Policymakers should think strategically about how to continue the development of
its large but limited agricultural residue supply chain. For example, as the biomass
marketplace becomes more robust, there will be more interested buyers for
this valuable resource—however, aviation and chemicals are the highest-priority
users from a climate standpoint, as they have no realistic alternate to sustainable
biofeedstocks to displace imported oil and gas or decarbonize.'®® Policymakers
should therefore consider prioritizing surplus residue resources for PBtL SAF
production.

PBtL need not be the sole focus of India’s SAF strategy. HEFA can provide limited
volumes (ideally with explicit feedstock caps and chain-of-custody requirements), ATJ
can opportunistically use excess ethanol to stabilize that market (but ideally wouldn’t
expand ethanol production due to land use change impacts), and PtL will have to scale
over the long term to complement PBtL in fully displacing fossil ATF. But the best value on
cost, emissions reductions, export opportunities, scale, and co-benefits comes from PBtL,
and policymakers can help make it the centerpiece of achieving energy security in and
decarbonization of India’s aviation sector.
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5.3. POLICY RECOMMENDATIONS

Indian policymakers can support PBtL’s demonstration and growth to realize this vision in
myriad ways. A sample of policy suggestions include:

1. Launch several first-of-a-kind PBtL demonstration projects in the regions
surrounding the Delhi, Pune, and Mumbai airports with concessional finance,
viability-gap support on hydrogen, streamlined siting and environmental approval,
and airport pipeline integration. Support the coordination of developers given the
various components that must come together (e.g., solar, batteries, electrolyzers,
biomass suppliers, gasifiers, Fischer-Tropsch providers). Mobilize PSU oil companies
(e.g., IOCL, BPCL, HPCL, ONGC) as anchor developers for early PBtL projects by
including PBtL in their medium-term capital expenditure plans through ministerial
direction, similar to how PSUs have been directed to lead recent green hydrogen
auctions. Provide technical and regulatory support to potential developers or
suppliers who may have little or no experience working in India.

2. Use trade policy to monetize early volumes: align sustainability criteria with EU
ReFuelEU and UK mandates that exclude SAF derived from food and feed crops,
consider negotiating recognition of India’s residue-based PBtL under synthetic
aviation fuel carve-outs given its extensive reliance on green hydrogen, and enable
bonded logistics for export via key hubs.

3. Establish an incentive program targeted at scaling PBtL deployment beyond the
first-mover demonstration projects, such as taxing or penalizing fossil ATF for its
GHG emissions (e.g., at India’s estimated social cost of carbon of $86/tCO,) and
providing incentives tied to the use of crop residue that would otherwise be burned
(e.g., at the estimated $230/t biomass benefit of avoiding premature deaths from
air pollution). This may more realistically take the form of expanding India’s CCTS
to include aviation and providing more direct subsidies for PBtL projects that meet
certain thresholds (e.g., verifiable use of green hydrogen and surplus agricultural
residue). Any incentive program should be reviewed periodically against key
indicators, such as whether crop fires are declining relative to a baseline trajectory
or whether there are signs that farmers are expanding crop cultivation due to
the value that agricultural residue now provides. As a failsafe, provide a cap on
agricultural residue use economy-wide that is based on current uses (i.e., that
which provides the current definition of “surplus” residue) and does not exceed
current or forecast levels of surplus residue.

4. Expand India’s SAF blending targets to include domestic runs. Increase the blending
target beyond 5% in 2030 to provide longer-term business certainty. Provide a
floor or carve-out in the blending mandate for PBtL SAF using green hydrogen
and agricultural residue. Complement this support with airport-level tenders.
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5.4. CONCLUSION

India’s rapid development is amplifying domestic strains—its growing reliance on imported
crude oil, worsening air pollution from crop residue fires, and rising greenhouse gas emissions
from air travel all contribute to increased economic vulnerabilities and public health risks.
Sustainable aviation fuel may not be the answer categorically, as many production pathways
face high costs, rely on unsustainable feedstocks, or overleverage biomass, electricity, land,
and water resources. However, India’s plummeting green hydrogen costs and emerging
agricultural residue supply chains have created a unique, transformational opportunity for
power-and-biomass-to-liquids to deliver domestically-produced jet fuel that is low-cost,
low-emissions, and resource-efficient. If Indian policymakers can work with technology
suppliers, project developers, and the broader network of agriculture and aviation industry
stakeholders to demonstrate and scale this concept, they can advance national self-reliance
and climate goals, improve air quality and rural economies, and position India as a global
leader on the aviation decarbonization challenge.




APPENDICES

A. ASSUMPTIONS AND
METHODOLOGIES

A.1 GREEN HYDROGEN PRICE

We assume a green hydrogen price of $3/kg for India in 2030, based on recent real-world
project price discoveries, independent forecasts of green hydrogen cost trajectories, and
our own modeling of an off-grid electrolysis project powered by solar and battery storage.

Real-world project price discoveries

A series of recent green hydrogen tenders have demonstrated an empirical trend of rapidly
falling prices. IOCL’s June 2025 reverse auction revealed an after-tax green hydrogen price
of $397.33/kg ($4.67/kg at time of auction) from L&T Energy Green Tech.??® Hindustan
Petroleum’s July 2025 reverse auction selected Ocior Energy for green hydrogen priced
at $3.82/kg before taxes, which implies an after-tax price of $4.51/kg under the old 18%
goods and services tax (GST) rate, or $4.01/kg under the updated 5% GST rate for green
hydrogen.*°”® Most recently, NeuEN won a tender from Numaligarh Refinery for green
hydrogen priced at ¥279/kg ($3.08/kg) before taxes—already nearing our 2030 assumption
of $3/kg—implying an after-tax price of $3.63/kg (old rate) or $3.23/kg (new rate).®? This
near-$3/kg value is consistent with discovered hydrogen costs from green ammonia SECI
auctions in August 2025, ranging from $2.8-3.8/kg. Table A1l and Figure A.l1 provide
detail on recent green hydrogen or green ammonia tenders (as hydrogen prices can be
estimated from ammonia prices).
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Announced Project CcoD Hydrogen Eq Ammonia Price Hydrogen Price Source

Price ($/kg) (Rs) (Rs)
TNO (Netherlands) 2024 155 A
BCG (EU) 2023 7.4 A
UK Auction (UK) 2027 1.9 A
TotalEnergies (EU) 2026 9 A
ArcelorMittal (EU) 2024 7.3 A
HyDeal (EU) 2024 4.7 A
L&T Hydrogen 2027 4.5 397 B
Ocior Energy (excl GST) 2028 3.8 328 C
Numaligarh Refinery 2029 3.2 279 D
ACME Cleantech 2029 3 51.9 E
ACME Cleantech 2029 3.1 54.7 B
ACME Cleantech 2029 3.2 55.8 E
ACME Cleantech 2029 3.7 64.7 E
ACME Cleantech 2029 2.8 49.8 E
ACME Cleantech 2029 3.6 62.8 E
Jakson Green 2029 29 50.8 E
SCC Infrastructure 2029 3 531 E
SCC Infrastructure 2029 3.3 577 E
NTPC RE 2029 3 51.8 E
Oriana Power 2029 3 52.3 E
Onix Renewable 2029 3 25 E
Suryam International 2029 2.8 50 E

TABLE A.1.1 Green hydrogen (equivalent) prices revealed by green hydrogen (and green
ammonia) tenders. Sources: A'33, B34, C'30, D35, E23,
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FIGURE A.1.1 Figure A.1.1. Green hydrogen (equivalent) prices revealed by green
hydrogen (and green ammonia) tenders.

This progress is supported by India’s National Green Hydrogen Mission—an initiative
launched in January 2023 that aims to build a domestic green hydrogen industry. Its
budget of $2.5 billion is further supported by a combined estimated $61 billion in potential
financial support from state-level green hydrogen policies across 12 states, which includes
power tariff waivers and transmission and wheeling charge exemptions (62% of support)
as well as capital subsidies, interest subvention, and state GST reimbursements (38% of
support).l*®

INDEPENDENT FORECASTS

Several forecasters see pathways to Indian green hydrogen developers reaching prices
of $3/kg or lower by 2030. The Indian government estimates the levelized cost of green
hydrogen will fall to $3 to $3.75/kg by 2030.%” The Council on Energy, Environment, and
Water (CEEW) reports “current industry estimates” of the levelized cost of green hydrogen
in the range of $3.5 to $5/kg, with room to fall to $1.63 to $3.13/kg with policy support and
technology cost declines.®® RMI finds the cost of producing green hydrogen is approximately
$4.4/kg today but could drop to $2.4/kg by 2030.1%°
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MODELING OF SOLAR- AND STORAGE-POWERED
ELECTROLYZERS

Our green hydrogen price model is based on an off-grid arrangement of electrolyzers, solar
power, and battery storage, allowing for “flat-block” operations (i.e., solar available around-
the-clock via its pairing with sufficient battery storage). This configuration leverages India’s
exceptionally low photovoltaic tariffs of less than $0.03/kWh.® Reliance on combined solar
and battery storage raises the electrolyzer capacity factor by smoothing the solar profile
and therefore amortizes the electrolyzer capital costs over more operating hours. This
reduces the levelized costs of hydrogen while guaranteeing the resultant hydrogen is clean
(in accordance with various jurisdictions’ definitions of “clean hydrogen”).®™°

We use hourly resolution solar energy resource data from the Global Solar Atlas to estimate
the amount of solar energy that is available at a representative 20% capacity factor DC-solar
site in India over one year!”™ This data was used to calculate the amount of hydrogen that
could be produced through electrolysis at each site, as well as the corresponding hydrogen
storage requirement, potential curtailment, and cost of hydrogen. For the electrolyzer,
we assume alkaline technology as it is the lowest-cost today, with costs and technical
parameters based on BloombergNEF“? We then size the hydrogen production (solar,
electrolyzer, and storage) by minimizing the levelized cost of hydrogen, targeting a desired
output capacity factor defined as the quantity of hydrogen input to the hydrocarbon liquid
fuel production facility per hour divided by the total hours in a year. This methodology
is based on NRL Capital Recovery Factor, using a plant life of 25 years and a Weighted
Average Cost of Capital (WACC) of 10%.743144A full list of cost assumptions for energy
costs and electrolyzers is provided in Table A.1.2.

The levelized cost of solar electricity (LCOE, in $/MWh) is calculated as:

LCOEsolar = (CRF + fOPEX) X CAPEXsolar X (8,7601>(<)60FAC)

where CRF is the capital recovery factor, fopex is the annual O&M cost as a fraction of
CAPEX (1.5%), CAPEX.qar is the solar PV capital cost (M$/MWac), and CFac is the AC
capacity factor. The AC capacity factor is derived from DC capacity factors sourced from
the Renewables.ninja database by applying a DC-to-AC inverter loading ratio (ILR) of 1.3:

CFAC = CFDC x ILR
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The storage cost adder for the battery energy storage system (BESS), which enables flat-
block delivery at 95% capacity factor, is:

Cstorage = CAPEXpgrss x Dprss X (CRF + fopex) X %

where CAPEXzgess is the battery storage capital cost ($/kWh), Dgess = 15 hours is the storage
duration, and CFg.ec = 95% is the target electrolyzer capacity factor. Grid backup is priced
at 5% of annual hours at $90/MWh. The total flat-block electricity cost is:

LCOERTC - LCOEsolar + Cstora,ge + Cgl‘ld

The levelized cost of hydrogen (LCOH, in $/kgH,) is the sum of electrolyzer capital recovery,
electrolyzer O&M, and electricity costs from solar, storage, and grid:

LCOH = [(CRF+fopgx.eiec) X CAPEXee x 10°/ (8,760 x CFaec) + LCOEgtc] x (1. /1,000)

where CAPEX.iec is the electrolyzer capital cost (M$/MW), fopexelec IS the electrolyzer O&M
rate (3.5% of CAPEX, inclusive of stack replacement), 1. is the electrolyzer specific energy
consumption (kWh/kg H,), and CFaec = 95% is the electrolyzer capacity factor. The x10°

and +1,000 terms convert M$ to $ and kWh to MWh, respectively.

The capital recovery factor is:

CRF=r(1+r)/[(14+1) — 1]

where r is the real WACC and n is the project lifetime in years.

Parameter Units 2030 term
Solar PV CAPEX M$/MW_AC 0.43
BESS CAPEX $/kWh 86
Electrolyzer CAPEX M$/ MW 0.45
Electrolyzer efficiency kWh/kg H, 52
Electrolyzer OPEX (incl. stack) % CAPEX 3.5%
Solar PV OPEX % CAPEX 1.5%
DC/AC inverter loading ratio — 1.3
Electrolyzer capacity factor — 95%
BESS duration hours 15
Grid backup share % hours 5%
Grid electricity cost $/MWh 90
WACC (real) — 10%
Plant lifetime years 25

TABLE A.1.2 Key input assumptions for hydrogen production cost estimation.
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At a representative 25% AC capacity factor site with 2030 assumptions, this model yields
a levelized cost of hydrogen of approximately $2.9/kg. We round up to $3/kg, which we
think is reasonable to achieve in 2030, as it requires only modest price declines from 2025’s
auctions (which, given Numaligarh Refinery’s auction results, may have already been
achieved on a pre-tax basis) and falls within other groups’ forecast ranges.

A.2 TECHNO-ECONOMIC ANALYSIS OF SAF PATHWAYS

GENERAL FRAMEWORK

The levelized cost of liquids production (LCOF, in $/L) for each SAF pathway is estimated
as:xlii

CAPEX, CAPEX, Chiomass n
LCOF = CRF x —F= + fopex X =g+ + Cm X nm2 + m + Ceooz2 X 1,%%

where:

CAPEX, is the unitary capital cost ($/L per year of installed capacity)

CF is the plant capacity factor (90%)

forex is the annual O&M cost as a fraction of CAPEX (5% for most pathways)

Ch2 is the hydrogen price ($/kg) and ny, is hydrogen consumption (kg H,/L liquids)

Chiomass 1S the delivered biomass cost ($/t) and Npiomass 1S the biomass-to-liquids yield
(L liquids/t dry biomass)

Ccoz is the CO, capture cost ($/t CO,) and ncoz is CO, consumption (kg CO,/L); the
+1,000 converts kg to tons

Not all terms apply to every pathway: BtL has no hydrogen input; HEFA and ATJ use
pathway-specific feedstock costs in place of the biomass term; and only PtL requires
captured CO..

xlii Here, we discuss the levelized cost of producing hydrocarbon liquid fuels. See Appendix B.1 for an explanation of why we assume these are equal to the
levelized cost of producing SAF.
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PATHWAY-SPECIFIC ASSUMPTIONS

Parameter Units PBtL BtL PtL HEFA ATJ
Unitary CAPEX $/L/yr 2.68 7.93 1.59 1.22 4.47
forex % CAPEX 5% 5% 5% (€)) 5%
H, consumption kg/L 0.264 — 0.396 0.035 -
Biomass yield L/t feed 639 245 — — —
CO, consumption kg CO,/L — — 2.91 — -
CO, capture cost $/t CO, — — 50 — —
Capacity factor = 90% 90% 90% 90% 90%
H, price (base) $/kg 3.00 — 3.00 3.00 -
Biomass cost $/t 90 90 — — —
UCO cost $/kg — — - 110 -
Ethanol cost (1G) $/L — — — — 0.81
GHG reduction vs ATF 95% 91% 54% 84% 63%
Plant lifetime years 25 25 25 25 25
WACC (real) — 10% 10% 10% 10% 10%

TABLE A.2.1 Key techno-economic assumptions for each SAF pathway (2030, India
conditions). (@) HEFA OPEX estimated at $0.17/L based on technology data rather
than as a percentage of CAPEX.*> Notes and sources: PBtL and BtL biomass yield

assumptions based on literature.®® PtL CO, consumption assumes point-source
industrial capture, with CO, cost from government reporting and literature.>”'46 HEFA
CAPEX based on assumption from literature adjusted by 1.1x for EUR/USD and 1.3x per
inflation.’®> UCO price of $1,100/t and 0.97 kg feed per liter based on literature.’® ATJ
CAPEX based on literature.! GHG reductions are lifecycle values relative to fossil ATF at
2.6 kgCO,e/L. PtL GHG reduction of 54% reflects fossil point-source CO,; biogenic or
direct air capture CO, would yield higher reductions.
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EXTERNALITY VALUATION

When valuing externalities (Section 2.6) with the social cost of carbon set at $86/tCO,
and the benefit of avoiding premature deaths from local air pollution set at $230/t of
agricultural residue diverted from open-field burning, PBtL SAF production costs fall, and
PBtL’s advantage over most SAF pathways widens. BtL SAF production costs would be
lower until green hydrogen prices fall to approximately $2-2.5/kg, but PBtL would allow for
much more SAF production from the same amount of residue resource.

250 ~

2.00 +

1.50

1.00 H

0.50

Levelized Cost of SAF Production ($/L)

0.00 T T T T T T 1
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Levelized Cost of Hydrogen ($/kg)

— PBtL —HEFA —ATJ —BtL PtL

FIGURE A.2.1 Net levelized cost of SAF production for SAF pathways when including
the social cost of carbon and the benefit of avoiding premature deaths from local air
pollution.

SENSITIVITY ANALYSIS

The sensitivity analysis varies one parameter at a time while holding all other
techno-economic inputs constant at their baseline values. For each pathway, we recompute
the levelized cost of SAF under a “low” and “high” value for the selected lever, then report
the resulting deviation from the baseline. CAPEX and OPEX are adjusted symmetrically
by £20%. Feedstock and hydrogen sensitivities use the empirical ranges described below;
because these ranges are not always symmetric around the baseline (e.g., varying biomass
costs by —-33% to +67%), the resulting cost deviations are correspondingly asymmetric.
Figures A.2.2-A.2.6 visualize these one-at-a-time deviations, allowing direct comparison
of the relative influence of biofeedstock, hydrogen, CAPEX, and OPEX on each pathway’s
production cost.
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For HEFA, varying the UCO price across the observed range from $0.85/kg to $1.20/kg (a
change of —23% to +9%) results in a SAF production cost shift of approximately —$0.24/L
(-16%) to +$0.10/L (+6%). In contrast, +20% changes in CAPEX and OPEX alter the SAF
production cost by only +$0.03 (+2%), and varying hydrogen from $2.5-4.5/kg shifts the
cost by =$0.03/L (-2%) to +$0.05/L (+4%).

Hydrogen ($2/kg to $4.5/kg) :h

Used cooking oil ($0.85/kg to $1.20/kg)

CAPEX (+/-20%)

T T T T T T T T T
-0.30-0.25-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.0 0.5

Deviation from baseline SAF production cost of $1.49/L

FIGURE A.2.2 Impact of varying key assumptions on the levelized cost of HEFA SAF
production.

For ATJ, varying the ethanol price across the observed range of $0.64/L to $1.14/L (a
change of —=21% to +41%) results in a SAF production cost shift of approximately —$0.30/L
(—13%) to +$0.58/L (+26%). In contrast, +20% changes in CAPEX and OPEX shift the SAF
production cost by only +$0.11/L (#5%) and +$0.05/L (x2%), respectively.
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Ethanol ($0.64/L to $1.14/L)

OPEX (+/-20%) |:.

T 1
-0.40 -0.20 0.00 0.20 0.40 0.60 0.80

Deviation from baseline SAF production cost of $2.23/L

FIGURE A.2.3 Impact of varying key assumptions on the levelized cost of ATJ SAF
production.

For BtL, a +20% change in CAPEX shifts the SAF production cost by approximately
+$0.19/L (£11%), while a +20% change in OPEX shifts the cost by approximately +$0.09/L
(+5%). Varying the biomass price from $90/t to $60-150/t (a change of —-33% to +67%)
results in a SAF production cost shift of approximately —$0.12/L (-7%) to +$0.24/L (+14%).
The biomass price sensitivity’s downshift represents a reasonably achievable lower price
point as the agricultural residue market scales, and the sensitivity’s upshift is consistent
with high-end third-party reporting of recent agricultural residue biomass pellet prices in
India.+’
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Agricultural residue ($60/t to $150/t)

OPEX (+/_2O%) :-
CAPEX (+/-20%) -

T T 1
-0.30 -0.20 -0.10 0.00 0.10 0.20 0.30

Deviation from baseline SAF production cost of $1.78/L

FIGURE A.2.4 Impact of varying key assumptions on the levelized cost of BtL SAF
production.

For PtL, varying hydrogen from $3/kg to $2-4.5/kg (a change of -33% to +50%) shifts the
SAF production cost by approximately -$0.40/L (-25%) to +$0.59/L (+37%). Varying the
CO, capture cost from $50/t to $40-150/t (a change of -20% to +200%) results in a SAF
production cost shift of approximately —$0.03/L (-2%) to +$0.29/L (+18%), with this CO,
cost range reflecting estimates across a variety of point-source industrial processes.>”6
In contrast, +20% changes in CAPEX and OPEX shift the SAF production cost by only
+$0.04/L (£2%) and +$0.02/L (*1%), respectively.

CO2 ($40/t to $150/t)

OPEX (+/-20%) |:I
CAPEX (+/-20%) |:I

I T T
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.8¢

Deviation from baseline liquids production cost of $1.62/L

FIGURE A.2.5 Impact of varying key assumptions on the levelized cost of PtL SAF
production.
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For PBtL, varying hydrogen from $3/kg to $2-4.5/kg (a change of -33% to +50%) shifts the
PBtL SAF production cost by approximately -$0.26/L (-19%) to +$0.40/L (+28%). Biomass
cost variation from $90/t to $60-150/t (following the range used for BtL) changes the
SAF production cost by roughly -$0.05/L (-3%) to +$0.09/L (+7%), and +20% changes in
CAPEX and OPEX alter the cost by +$0.07/L (+5%) and +$0.03/L (x2%), respectively.

Hydrogen ($2/kg to $4.5/kg)

Agricultural residue ($60/t to $150/t) [-
OPEX (+/-20%) |:I
CAPEX (+/-20%) :.

1
-0.40 -0.20 0.00 0.20 0.40 0.60

Deviation from baseline SAF production cost of $1.41/L

FIGURE A.2.6 Impact of varying key assumptions on the levelized cost of PBtL SAF
production.

A.3 PBTLSAF COST VS.FOSSIL ATF PRICEFORECAST METHODOLOGY
AND SENSITIVITIES

Our PBtL SAF production cost forecast follows the techno-economic analysis methodology
used in Appendix A.2 to arrive at a 2030 cost. We trend green hydrogen prices linearly from
$3/kg in 2030 to $1.97/kg in 2040 and $1.64/kg in 2050 following BNEF’s green hydrogen
price forecast for India, which includes corporate taxes.*® We decrease CAPEX and OPEX
at an assumed 2% per year learning rate. We assume a U-shape for the biomass cost,
falling by 2% per year from 2030-2040 as logistics improve, stabilizing from 2040-2045,
and rising by 1% per year from 2045-2050 as the lowest-cost supplies are exhausted (i.e.,
residue procurement cost increases outpace cost declines from logistics improvements).

Our baseline fossil ATF price forecast seeks to estimate prices for fossil ATF used by
domestic airlines on international runs, as these are cheaper than fossil ATF used in
domestic runs and therefore represent a more conservative scenario. The forecast takes the
global average jet fuel price in November 2025 as reported by the IATA ($0.61/L or $760/t)
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and compares it to the respective Indian ATF price for domestic airlines on international
runs as reported by IndianQil for select high-traffic Indian airports (averaging $0.83/L or
$1,022/t)."1819 |t uses these empirical prices to estimate a multiplier that is used to convert
from global average ATF prices to India-specific delivered ATF prices (e.g., accounting
for the 11% central excise duty at ATF production, state VATs, and other country or local
dynamics that are difficult to isolate for a bottom-up analysis).**'%° As crude oil and jet fuel
prices can fluctuate dramatically, the forecast is then tied to the U.S. Energy Information
Administration’s Brent crude oil price Reference Case forecast, applying a jet crack spread
adder of $35/bbl—which roughly tracks recent history (i.e., after the volatility of 2022 and
early 2023 from Russia’s invasion of Ukraine but before the U.S.-Israel strikes on Iran in early
2026)—to estimate global average jet fuel prices.™ From there, it applies the previously
estimated multiplier to arrive at India-specific fossil ATF prices.

In general, this forecast holds the jet crack spread adder and India-specific multiplier
constant while following the trajectory of the Brent crude oil forecast. However, it uses a
price band that can be interpreted as either flexing the jet crack spread to $0/bbl or $70/
bbl (reflecting its observed range from 2016-2025) or switching to the EIA’s Low or High
Case for its Brent crude oil forecast (which has a similar impact on ATF prices). This band
accounts for the fact that fossil ATF prices can swing wildly from year to year due primarily
to global oil market volatility, with these geopolitical dynamics largely outside of India’s
control.

For example, from 2016-2025, Brent crude oil prices have been as low as $20/bbl (at
the start of the COVID-19 pandemic with its sudden drop in oil demand) and as high as
$130/bbl (in the early days of Russia’s invasion of Ukraine, reflecting substantial supply
risk), though prices have more commonly floated between $50-80/bbl’s' By contrast,
PBtL costs are expected to fall over time, with the pace dependent on the speed of green
hydrogen’s cost decline. With green hydrogen, however, there should not be much year-to-
year price variability, as solar electricity costs are stable once projects are built, and water
and agricultural residue prices (the other key inputs) are also relatively stable.

The following figures compare PBtL SAF production costs with fossil ATF prices along two
dimensions: international vs. domestic runs (affecting the price of fossil ATF) and excluding
vs. including two externalities (the social cost of carbon and the benefit of avoiding
premature deaths from local air pollution). See Section 3.2 for additional commentary.
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FIGURE A.3.1 India PBtL SAF production costs vs. fossil ATF price forecast (international
runs, excluding externalities), in real (2024) dollars.
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FIGURE A.3.2 India PBtL SAF production costs vs. fossil ATF price forecast (domestic
runs, excluding externalities), in real (2024) dollars.

64 | INDIA ENERGY AND CLIMATE CENTER



2.00

1.50

1.00

0.50

PBtL SAF Cost or ATF Price ($/L)

~»
-
~~~

_‘w,-----—---—-—--="=

Projected ATF
=== Projected Brent

Historical Brent
=== Projected PBtL SAF

FIGURE A.3.3 India PBtL SAF production costs vs. fossil ATF price forecast
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A.4 PBTL SAF COST VS. FOSSIL ATF PRICE MONETARY RISK
EXPOSURE DETAIL

We provide two additional perspectives for illustrating the impacts of crude oil inflation
and rupee devaluation against the dollar. Figure A.4.1 shows the trajectory of nominal
rupee-denominated costs over the 2030-2050 period. Fossil ATF costs escalate from
approximately 87 INR/L to over 200 INR/L, while PBtL SAF costs remain flat at 127
INR/L, reflecting the latter’s domestic fixed cost structure. Figure A.4.2 presents the same
comparison in nominal U.S. dollars. Fossil ATF rises from 1.0 to 1.4 USD/L with global
commodity price inflation, while PBtL SAF declines from 1.4 to 1.0 USD/L—a consequence of
rupee depreciation reducing the dollar-equivalent cost of rupee-denominated production.
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FIGURE A.4.1 Levelized cost of fuel (fossil ATF) and SAF production (PBtL) in nominal
Indian rupees.
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FIGURE A.4.2 Levelized cost of fuel (fossil ATF) and SAF production (PBtL) in nominal
U.S. dollars.

A.5 DISTRICT LEVEL SPATIAL ANALYSIS METHODOLOGY

District-level surplus agricultural residue quantities are estimated from Climate TRACE’s
emissions database, which is obtained primarily through satellite remote sensing and
active fire detection and reports annual CO, emissions from cropland fires for 635 Indian
districts®?153 We convert reported CO, emissions to equivalent dry biomass using a
stoichiometric factor derived from the average carbon content of agricultural residue:

C 12 ~
Mpiomass = Mco2 X (E)/MCO2 = mco2 X (m)/‘l‘l ~ mcoz X 0.57

where fc = 0.48 is the mass fraction of carbon in dry biomass, C = 12 g/mol is the atomic
mass of carbon, and Mcos = 44 g/mol is the molar mass of CO,. This yields a conversion
factor of approximately 0.57 t dry biomass per t CO, emitted. Using this method, the
cumulative emissions from 635 districts resulted in 129.6 tons per year of burned biomass,
which is consistent with public estimates.”

The district-level LCOE is computed using the same flat-block model described in Appendix
A, substituting the district-specific AC capacity factor (CFpc % 1.3). The district-level LCOH
follows the equation in Appendix A.l, with electrolyzer parameters held constant at 2030
baseline values (Table A.1.2).
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The district-level levelized cost of SAF for PBtL is:

LCOFd = (CRF—'— fOPEX) X % _|_ T]H2 X LCOHd _|_ Cbiomass

CF MNbiomass

where LCOHy is the district-specific LCOH and all other parameters are held at the 2030
baseline valuesin Table A.2.1. This approach isolates spatial variation in PBtL competitiveness
driven by the solar resource, while holding technology and feedstock cost assumptions
constant. The resulting map (Figure 4.2) overlays SAF production costs to identify districts
where both resource availability and economic conditions favor early PBtL deployment.
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B. TECHNICAL EXPLANATIONS

B.1 SUSTAINABLE AVIATION FUEL VS. HYDROCARBON LIQUID FUELS

Hydrocarbon liquid fuels (deemed “hydrocarbon liquids” or just “liquids” throughout
this paper) are those products resulting from SAF production processes that are liquid
at standard conditions (i.e., 25 degrees Celsius and 1 atmosphere of pressure). The jet
fuel share of these liquids (i.e., SAF) can differ depending on the technology as well as
how the process is tuned (i.e., to favor one liquid over the rest), and other products like
renewable diesel have their own market value and policy support. Our analysis in Section
2.4 estimates the cost of producing hydrocarbon liquids from different SAF production
pathways. We argue that these liquids production costs are effectively equivalent to SAF
production costs, and when discussing production costs throughout this paper, we use
SAF and liquids interchangeably.

SAF selectivity—the kerosene fraction of total hydrocarbon liquids produced by HEFA,
ATJ, and FT technologies—varies across and within production pathways. Conventional
FT synthesis yields a maximum straight-run kerosene fraction of approximately 40%, but
advanced FT reactor designs with wax hydrocracking and tail-gas recirculation achieve
kerosene selectivity in the range of 61-77%, with commercial configurations such as
Johnson Matthey and bp’s FT CANS™ technology targeting even higher selectivity through
single-stage recycle loops with carbon monoxide conversion above 90%.9154-156

Regardless of the exact kerosene fraction, the remaining FT coproducts—primarily
renewable diesel and naphtha—are fungible drop-in energy products with comparable or
higher market value per liter. In addition, the refining and upgrading step is relatively low
in capital intensity. For example, the capital cost of refining and upgrading FT hydrocarbon
liquids to finished fuels is estimated at approximately 10% of total FT facility capex
(excluding gasification).®’such as coal, natural gas, biomass and waste, can be converted into
transportation fuels by combining appropriate gasification, Fischer-Tropsch and refining
technologies. Efficient refining of the Fischer-Tropsch synthesis derived syncrude requires
a different approach to refinery design than commonly applied to crude oil refinery design.
The design of refineries to optimise the production of on-specification motor-gasoline,
jet fuel and diesel fuel respectively from both high temperature Fischer-Tropsch (HTFT
Because our estimated FT-plus-gasification capex is only approximately 20-25% of the
levelized cost of PBtL liquids, the upgrading step accounts for less than 2% of that levelized
cost—and our cost figures already include this step, as it is embedded in the source data
we rely on. For this reason, and consistent with other PBtL techno-economic studies that
treat the liquid hydrocarbon fraction as the final product, the cost of liquids production
closely approximates the effective production cost of SAF, and the relative cost ranking
of pathways presented in Section 2 is preserved across the range of plausible selectivity
assumptions.’>®
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While the cost of liquids production closely approximates the effective unit cost of SAF,
estimating SAF market prices requires a series of complex assumptions around market
supply and demand. In this paper, we focus on production costs to more clearly compare
financial viability across SAF pathways. While we acknowledge that production costs are
qualitatively different from fossil ATF and SAF market prices and thus cannot be directly
compared (e.g., throughout Section 3), our analysis does illuminate how themes such
as India’s declining solar electricity prices and global crude oil price volatility affect the
relative competitiveness of PBtL SAF with fossil jet fuel.

B.2 SAF CERTIFICATION

ASTM International has certified 11 SAF production pathways for use in aircraft, with
additional routes under evaluation.®™ Technical certification requires meeting the same
stringent performance and safety specifications as conventional ATF. Separately, the
International Civil Aviation Organization’s (ICAO) Carbon Offsetting and Reduction
Scheme for International Aviation (CORSIA) determines whether airlines can claim
emissions reductions from using SAF. Fuel eligibility requires meeting CORSIA’s lifecycle
GHG emissions reduction threshold (currently 10% below a fossil jet fuel baseline) and
adhering to sustainability frameworks such as the International Sustainability and Carbon
Certification (ISCC) or Roundtable on Sustainable Biomaterials (RSB).*°

Each of the ASTM-certified SAF pathways also has a maximum blend ratio with fossil
ATF, which currently range from 5-50%.°" Most SAF today is synthetic paraffinic kerosene
(SPK), which lacks aromatics—a small but important component of conventional ATF that
prevents fuel leakage and fire risks. Blending conventional ATF with SPK allows for enough
aromatics for the fuel mix to work with existing aircraft. However, many organizations and
companies are working to allow for the use of 100% SAF, and the EU’s blending mandate
calls for 70% by 2050, so today’s 50% blend rate is not a fixed ceiling. Achieving this
goal could entail improvements and testing of synthetic kerosene with aromatics (SKA
or SPK/A) products, developing synthetic aromatic kerosene (SAK) to blend with SPK, or
designing and deploying aircraft that do not need aromatics to safely work with SPK.6%16!
In practice, today’s 50% blend limit is not a meaningful barrier to the SAF industry, as SAF
supply and blending goals are far below this constraint.
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C. INDIA’S AGRICULTURAL
RESIDUE SUPPLY CHAIN

The biomass delivered cost used in our analysis ($90/t) is grounded in transactions on
India’s emerging agricultural residue marketplace, where multiple companies now operate
active aggregation, storage, and densification services. This appendix summarizes
discussions with BiofuelCircle and Biome Industria that give visibility into how the supply
chain functions in practice. These examples are not exhaustive but are representative of the
broader ecosystem maturing in India.

C.1 BIOFUELCIRCLE: AGGREGATION AND STORAGE AT SCALE VIA
THE BIOMASS BANK

BiofuelCircle is a digital marketplace for agricultural residue that operates a network of
physical rural storage depots called Biomass Banks. Each Biomass Bank is a managed
warehouse facility—roughly 10 acres in footprint with 8,000-10,000 tons of indoor
biomass storage capacity—that serves as the aggregation and storage hub for a cluster of
approximately 10 surrounding villages within a 10-15 km radius. The depot is the physical
core of the model: it solves the mismatch between agriculture’s seasonal collection
opportunities and industry’s year-round feedstock requirements that has historically made
residue utilization uneconomic.

Around each storage depot, the Biomass Bank coordinates roughly 2,000 farmers, 40 rural
partners (small tractor drivers and fleet owners), and 10 aggregation fleets equipped with
balers, rakers, shredders, and trolleys. During and immediately after harvest, rural partners
collect baled residue from farms—by either scheduled pickup or farmer walk-in delivery—
and transport it to the depot for storage. Network partners then provide transportation
from depot storage to end customers (e.g., compressed biogas plants, briquette and pellet
manufacturers) throughout the year. Storage facilities include integrated weighbridges
and temperature and humidity tracking to maintain quality, and depots themselves are
solar-powered with digitally enabled operations. A typical Biomass Bank generates around
$400,000 in annual business at approximately 10,000 tons of throughput and requires an
investment of $300,000 to $350,000 to establish.

Operations are coordinated through BiofuelCircle’s digital platform, which combines
proprietary rural data (e.g., land records, farm polygons, historic yields), Al-based supply
forecasting, satellite imagery for yield and harvest date prediction, and GIS-based
aggregation planning. Tractor drivers receive task allocations via WhatsApp chatbots and
a mobile app, log loading data in real time via GPS trackers, and are managed via digital
fuel dispensing at the depot.
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The Biomass Bank model inverts farmers’ cost structure for managing agricultural residue.
Farmers have traditionally borne the time and cost of field clearing themselves, with burning
being the cheapest and fastest option. Under the Biomass Bank model, the aggregator and
its rural partners bear the collection cost—scheduling pickup or accepting walk-in delivery
immediately after harvest—and farmers receive payment via direct bank transfer for the
residue they would otherwise burn. This shifts the farmer’s choice from “burn vs. bear
collection cost” to “burn vs. receive payment,” which makes residue diversion economically
viable at scale.

As of March 2025, BiofuelCircle operated 35 Biomass Bank storage depots across five Indian
states, with a network of 45,000+ farmers, 1,300 rural partners, and 350,000 tons of annual
biomass supply under contract. By September 2025, this had expanded to 60 depots across
seven states (120,000 farmers, 3,000 rural partners), with planned near-term expansion
to 81 depots across 10 states (150,000 farmers and 5,000 rural partners). BiofuelCircle’s
current national network goal is 125 Biomass Bank locations with approximately 1 Mt annual
capacity, scaled to serve existing demand from compressed biogas plants, briquette and
pellet manufacturers, and other industrial customers.

BiofuelCircle provided current price ranges from their platform transactions as of early
2026: baled agricultural residue at $35-40/t, biomass briquettes at $60-70/t, and
biomass pellets at $80-90/t. These prices reflect delivered cost to the end customer and
embed collection, densification, storage, and transport. The main analysis uses $90/t as a
conservative assumption corresponding to pelletized feedstock—the densified, dehydrated
form most suitable for long-distance transport to and use in a gasification facility.

C.2 BIOME INDUSTRIA: DENSIFICATION AND BRIQUETTE/PELLET
MANUFACTURING

Biome Industria operates a complementary layer of the residue supply chain: densification
of collected biomass into briquettes (70-90 mm) and pellets (6-25 mm) currently sold as
solid biofuel replacements for coal in industrial boilers. Biome operates two production
units—in Rewari district, Haryana, and Parbhani district, Maharashtra—and sources from
farmers across Haryana, Punjab, and Maharashtra. Their products deliver 2,800-4,000
kilocalories of heat per kilogram of biomass depending on the feedstock, with feedstocks
including mustard husk, paddy straw, soybean husk, chana husk, groundnut shells, and
sugarcane bagasse. Biome has stated a target of utilizing 1 Mt of biomass annually by 2030.

Biome’s model illustrates two relevant points for PBtL feasibility. First, the densification
step is actively commercializing—multiple companies are producing briquettes and pellets
at scale for industrial customers, which is the same physical form most suitable for PBtL
gasifiers. Second, the breadth of feedstocks accepted across Biome’s operations (six
distinct residue types) confirms that India’s residue supply chain is being built to handle
heterogeneity at the input side, with standardized briquette/pellet output specifications
tuned to customer end-use requirements.
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C.3 IMPLICATIONS FOR PBTL FEASIBILITY

Together, these examples demonstrate three points relevant to PBtL feasibility. First, the
seasonal-to-year-round mismatch that has historically been the central logistical barrier
to residue utilization is being solved through dedicated rural storage infrastructure—
most directly via the Biomass Bank depot model. Second, densification into pellets and
briguettes is occurring at scale through specialized manufacturers like Biome, producing
a standardized feedstock form well-suited to gasification. Third, the supply chain is being
built around the existing customer base of power plants and industrial facilities, meaning
a PBtL facility would plug into an existing aggregation and logistics ecosystem rather than
having to build one from scratch.
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