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IEA Sustainable Fuels, 2025
If fully legislated and implemented, current and proposed national and international policies would put sustainable
fuel use on a path to nearly double from the 2024 level by 2030, and quadruple by 2035

Figure 5.7 Sustainable fuel supply by fuel and demand by sector in the accelerated
case, 2024-2035
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Timeline of Biomethane Production
& Sustainable Transport

From 1859 to 2030: The journey of biogas from street lamps to global decarbonization

1859-1895: 1895: 1900s-1930s:  1940s-1970s: 1970s-1980s: 1980s-1990s:  1990s-2000s: 2010s: 2018-2030:
anaerobic old style natural gas small-scale Global oil crises, UPgradin_g biomethane global growth, scaling
digestion English old style digesters for biogas as a technologies into busesand ~ biomethane as industrially

reactor street light vehicle cookingand  domestic, secure (wat:;;cr::jlng, municipal vehicle fuel; for both
farm energy clean energy memb’ranes) fleets. Heavy-Duty transport and
source that for use in Shift, long- grid
avoids pollution Compressed distance substitution.
Natural Gas trucking.
(CNG) vehicles

and injection into
gas grids.
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REFERENCES

Expanding biomethane sector linked to
transport, grid injection and industrial

decarbonization. More than 755 biogas
plants reported and growing production.

Integration with sugar-energy sector; use
in trucks, industry and agricultural machinery;
linkage with RenovaBio and Future Fuel Law.

Sugarcane vinasse, filter cake, livestock
manure, MSW, sewage sludge, agro-
industrial residues.

Used in trucks, industry and
agricultural machinery.

FINLAND

Moderate biogas scale with strong
transport orientation for biomethane.

Heavy-duty transport decarbonization,
nutrient cycling and regional

energy security.

Bio-waste, WWTP sludge,

landfill gas, manure.

Used in heavy-duty trucks
(liquid biomethane) and buses.

NORWAY

Significant transport biomethane use,
especially from waste streams.

Decarbonization of transport and
management of fish-processing
and food waste.

Food waste, fish-processing sludge,
sewage sludge, manure.

Used in heavy-duty transport
and buses.

(%) CANADA

2
D)

Strong landfill gas and wastewater
biogas sector with growing
RNG market.

Methane mitigation strategy linked to
landfill gas capture and agricultural
anaerobic digestion (AD).

Landfill gas, wastewater sludge,
source-separated organics,
dairy manure.

Growing use in heavy-duty
transport.

FRANCE

Rapidly growing agricultural biomethane
sector with major grid injection
expansion.

Farm diversification, intermediate crops,
nutrient recycling and climate policy.

Manure, intermediate crops, agricultural
residues, bio-waste.

Expanding use in heavy-duty
transport and buses.

SWEDEN

One of the strongest transport biomethane
systems globally; major use in buses

and vehicles.

Urban air-quality improvement,

transport decarbonization and

waste valorization.

Bio-waste, sewage sludge, industrial
residues, agricultural substrates.
Widespread use in buses, trucks

and passenger vehicles.

¢y MATURE BIOMETHANE ECONOMIES -

STATE OF PRODUCTION, MOTIVATIONS, FEEDSTOCKS AND PRACTICES

Production
& Use

O CHINA
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One of the world'’s largest biogas systems
with ~40 million household digesters and
>100,000 non-household plants.
Biomethane sector still emerging.

Rural energy access, manure management,

pollution control and renewable gas
development.

Livestock manure, crop residues, rural

organic waste, industrial residues.

Growing use in heavy-duty transport
and rural energy.

GERMANY

Europe's largest biogas producer
with >10,000 plants and ~87 TWh/year
biogas production.

Long-standing feed-in tariff system and
agricultural biogas model.
Energy crops, manure, agricultural

residues, wastewater sludge.

Extensive use in transport,
industry and heating.

SWITZERLAND

Extensive wastewater biogas adoption
and strong digestate quality systems.

Wastewater treatment, sanitation
and nutrient recovery.

Wastewater sludge, agricultural
residues, bio-waste.

Used in transport and
combined heat & power.

A perspective on the state of the biogas industry in 12 member countries of IEA Bioenergy Task 37. IEA Bioenergy Task 37.
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Main Transport
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DENMARK

Highly integrated centralized biogas
system with extensive grid injection.

Circular-economy model connecting farms,
biomethane, biofertilizer and CO,
recovery.

Manure, agricultural residues,
straw, catch crops.

Widespread use in heavy-duty
transport and industry.

IRELAND

Emerging biomethane market
focused on agricultural feedstocks.

Rural development, farm income
diversification and transport
decarbonization.

Grass silage, slurry, manure,
food-processing residues.

Growing use in transport
and industry.

UNITED KINGDOM

Mature AD market with agricultural
and food-waste focus.

Methane reduction, renewable energy
and rural economic development.

Food waste, manure, agricultural
residues, sewage sludge.

Used in heavy-duty transport
and industry.

Gustafsson, M., Meneghetti, R., Souza Marques, F., Trim, H., Dong, R., Al Seadi, T., Rasi, S., Thual, J., Kornatz, P., Wall, D., Berntsen, |.C., Saxegaard, S., Lyng, K.-A., Nagele, H.-J., Heaven, S., Bywater, A. (2024).



4 EMERGING BIOMETHANE ECONOMIES
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STATE OF PRODUCTION, MOTIVATIONS, FEEDSTOCKS AND PRACTICES

INDIA

One of the world's major biogas
producers after EU, China and US.

Rural energy access, residential
gas use and growing transport
gas market.

Agricultural residues, manure,
municipal organic waste.

Used in rural households and
increasing role in transport gas
market.

ECUADOR

Renewable-energy tariff framework
exists but with limited effect on
current biomethane growth.

Waste treatment and renewable
diversification potential.

Agricultural residues, municipal
organic waste.

Early-stage use in transport
and local energy markets.
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ARGENTINA

Early-stage biomethane sector
with strong agricultural potential.

Agro-industrial waste utilization
and decentralized rural energy
systems.

Livestock waste, agro-industrial
residues, urban organic waste.

Emerging use in local transport
and rural applications.

PARAGUAY

Very low recycling and reuse
rates currently limit biomethane
deployment.

Opportunity to connect waste
management and energy
production.

Agricultural residues, municipal
organic waste.

Potential for transport and
rural energy use.

“* BOLIVIA

Biomethane development
constrained by low waste-

?.

management infrastructure.

Opportunity associated with
municipal organic waste and
agricultural residues.

@

Organic solid waste, agricultural
residues, livestock residues.

Potential future use in urban
transport and industry.

() Peru

Large opportunity from urban
A organic waste and agriculture,
but low implementation so far.

B =

@ Waste-management modernization

and renewable-energy diversifi-
cation.

” Municipal organic waste,
agricultural residues.

5 Potential future use in transport
and industry.
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Motivations &
Practices

Production
& Use

CHILE

Existing biogas experience
provides a platform for
biomethane expansion.

Renewable-energy diversification
and waste valorization.

Wastewater sludge, municipal
organic waste.

Potential for transport and
industrial use.

URUGUAY

Limited deployment despite
agricultural potential; only a few
facilities produce electricity from biogas.

Industrial methane recovery and

waste-management opportunity.

Industrial methane streams,
livestock residues.

Future potential for transport
and industrial uses.

4

Main
Feedstocks

")
Transport
Use

@y COLOMBIA
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One of the countries with
regulation allowing biomethane
injection into natural gas networks.

Integration of renewable gas into
existing gas infrastructure.

Agricultural residues, wastewater
sludge, municipal waste.

Used in transport and distributed
natural gas networks.

@ VENEZUELA

Large fossil natural gas availability
reduces biomethane
competitiveness.

Waste regulation and methane
management identified as
important gaps.

Municipal waste, wastewater,
industrial methane streams.

Potential future integration in
transport and industry.

REFERENCE Gustafsson, M., Meneghetti, R., Souza Marques, F., Trim, H., Dong, R., Al Seadi, T., Rasi, S., Thual, J., Kornatz, P., Wall, D., Berntsen, I.C., Saxegaard, S., Lyng, K.-A., Nagele, H.-J., Heaven, S., Bywater, A.
(2024). A perspective on the state of the biogas industry in 12 member countries of IEA Bioenergy Task 37. |IEA Bioenergy Task 37.



The Global Land Transport Transition:
Scale, Lock-In and Urgency

NEED FOR COORDINATED ACTION

GLOBAL ROLE

Biofuels use in transportation is global
Blending mandates can reduce emissions immediately in
existing fleets.

FLEET TURNOVER
Electrified sales vs electricity share in transport energy
Vehicle sales are changing faster than the energy matrix.

REGIONAL ASYMMETRY
+36.9 EJ  Transport growth outside OECD (2000-2023)
vs 3.7 EJ Most transport demand growth is occurring in
emerging economies.

FOSSIL LOCK IN

94.7% Transport energy still fossil-based
fossil Oil products alone provide 90.1% of transport energy.
122.9 ) SCALE
8.44 Global transport energy demand (2023)

Transport accounts for 28.6% of world final ener
GtCO2eq P ° &Y

consumption.

IEA World Energy Balances Highlights 2025; IEA Global EV Outlook 2026; Robbie Andrew vehicle sales, World Bank WDI AR5 GHG series; transport GHG = transport CO2 + CH4 + N20 from energy.



Biofuelstechnologieshave
reachedmaturity with
international market
integration, stability and
predictablegrowth

Defossilizationof transportation
will occur through:

Immediate reductions from
mature biofuels already
produced at scale

Nearterm expansion through
emerging technologies
approaching commercialization

Longterm breakthroughs from
advanced pathways currently
under development

IEA Bioenergy
Technology Collaboration Programme
TASK 39
Biofuels for Decarbonization
of Transportation

Technology
development

Technology

stages (simplified)

Innovation chain

Laboratory or technical

Technology fundamentals i

Pilot plant

Knowledge development based on
the latest literature

Experiments for knowledge
generation and identification of

Testing different
technologies for sub-

Implementation as an Full

Commercially available technology

integrated overall process; demonstration

uncertainties; processes; uncovering  production for testing (also in | of functionality "
idealised experimental uncertainties in sub- continuous operation) under IEA extension
conditions technologies; commercial
experience in process conditions ;
understanding International Predictable growth

integration
Technical development and demonstration . Marketentry EEMarket establishment’

Extended

5| Technology | 6 Demonstration
Technology ‘Lﬁmﬁ:’ validationin | of prototype under
Readiness Level 0 e relevant relevant operating
(TRL)? ¥ environment conditions

Fuel type based on biomass resources® for road and marine s -a b

Ethanol ethanol fermentation of saccharides

ETBE etherification of ethanol from saccharides

Biodiesel (FAME) transesterification of fats, oils and grease |
HVO diesel hydrotreatment of fats, oils and grease |
Methane ‘
(CNG/LNG)

Methanol |
MTBE |
MTG |
HTL diesel | |
FT products Fischer-Tropsch synthesis |

Fuel type based on biomass resources® for aviation w

HEFA-SPK
ATJ-SPK
FT-SPK Fischer-Tropsch synthesis
MTJ-SPK oligomerisation of methanol

® DBFZ 03/2026

# The commonly known TRL level from 1-9 is extended to 10-11 to show which fuel options are established on an international market; details cf. https://www.dbfz.de/fileadmin/Projektseiten/Monitoring_EE/
Renewable_Energies_in_Transport_Monitoring_Report_DBFZ pdf#page=57, Fig. 4-1 as well as https://iea.imgix.net/29484d47-f66d-4b96-ac4b-979623c44c29/box3.2-

01.png?auto=compress%2Cformatafit=min&g=80&rect=0%2C0%2C3188%2C2101&w=1400&fit=crop&fm=jpg&q=70&auto=format&h=923; * here for most relevant fuel options (ATJ - alcoholto-jet, CNG/LNG - compressed/liquefied natural gas, ETBE -
Ethyl tertiary-butyl ether, FAME - Fatty acid methyl ester, FT - Fischer-Tropsch, HEFA - Hydrotreated esters and fatty acids, HTL - Hydrothermal liquefaction, HVO - hydrotreated vegetable oils, MTBE - Methyl tertiary-butyl ether, MTG — methanol-to-
gasoline, MTJ = methanolto-jet, SPK - Synthetic paraffinic kerosene)



Why biomethane matters

Technology
compatibility

Compressed and
liquified biomethane
trucks already available

Circular Economy

in the market

GHG emissions Compatibilty with
reduction in (@p )

transport

current fuel distribution
systems

Energy security
Energy sovereignty

Better life cycle performance
50-75% GHG relative to diesel

Environmental
and economic
benefits

Methane mitigation
Improvements in air quality/noise
Water quality

Waste management



The biomethane
economy
addresses
several policy
priorities

Transport Decarbonization

Methane Mitigation

Waste Management

Energy Security

Rural Development



Recommended Policy Package for Heavy-Duty Biomethane

Experience from leading markets shows that successful biomethane deployment typically combines
climate policy, waste-management regulation, infrastructure support and market incentives.

Policy Element

Carbon Pricing

Fuel Pricing

Infrastructure

Waste Integration

Credits/Incentives

Recommended Instrument

Cl-based credit trading (LCFS-style)
+ methane avoidance credits for
manure/waste feedstocks

Tax parity/exemption for biomethane
vs. diesel; technology-neutral
production tax credits

Cost-shared grid injection (50% public
funding); mandated grid operator
connection obligations; freight hub
refueling corridors

Mandatory organic waste separation
(2024+); manure management regulations
limiting raw application; digestate
valorization support

Feed-in tariffs differentiated by feedstock

and end-use; blending mandates with
double-counting for advanced/waste-derived;
vehicle purchase vouchers

Authority Reference

IEA (2025); CARB LCFS;
EU RED Il

Sweden Law 1994:1776;
IRA 48E/45X; AFTC

California interconnector
program; India pipeline
scheme; U.S. MHDV
Corridor Strategy

EU Waste Framework
Directive; EU Nitrates
Directive; GOBAR-Dhan

Italy Biomethane Decree;
EU RED lII; HVIP;
Quebec RNG Mandate




AVERAGE REVENUE MIX - NON-FUEL REVENUES CAN REPRESENT APPROXIMATELY
20-60% OF TOTAL PROJECT REVENUE IN MATURE MARKETS.

’ Fuel sales ‘ Woaste treatment

‘ Digestate ‘ Carbon credits
+ renewable CO, & guarantees of origin




lllustrative Monetisation of Biomethane System Benefits

Value Stream Typical Value (USD/GJ) Comments

Renewable fuel 8-18 Depends on gas and diesel prices

Landfill diversion and

Waste treatment services 1-6 EnEanaEe Rt

0.5-4 Dependent on fertiliser

Digestate / Biofertilizer markets

=hl—
Il
V
P4
Carbon credits 1-8 Strongly dependent on
D

carbon price

Renewable CO, 0.5-5 Emerging market
=g Guarantees of Origin 0.5-3 Common in Europe
0 Energy-security value* Difficult to monetise Strategic value

*Energy-security benefits are generally captured through reduced imports and improved
resilience rather than direct project revenues.

Sources: Adapted from (17,218,220) FAO (2026).



€100 Billion

Value of Existing
European Gas Grid

€2.5 Billion

Total Adaptation Investment Needed

——@® €1.7 Billion: Connection costs (linking distributed
plants to low & high pressure grids)

———@ €0.6 Billion: Reverse compression costs (moving
local biomethane up to transmission levels during
low local demand)

@ €0.2 Billion: Grid reinforcement costs



Raw biogas @ Co-products
50-70% CH, , .

l —

Digestate
— Biofertilizer

~

Captured CO,
—> Industrial use

Upgrading <—> @

Treated Water
—> Reuse / Discharge

Biomethane

97% CH,




OTHER ENVIRONMENTAL AND
SOCIOECONOMIC BENEFITS

@ ENERGY SECURITY

Strengthens energy
independence

BIOMETHANE

CLEAN ENERGY.

AGEMENT
Turns organic waste
into valuable resources

CIRCULAR ECONOMY

Closes loops and
creates value from
resources

IMPROVEMENTS
IN AIR QUALITY

Cleaner air for
healthier cities

i

j‘rf"a

Protects water
resources and

METHANE MITIGATION

Captures methane
emissions and turns
them into clean energy




Engine Architecture: Four Pathways to Deployment

Spark-Ignition (SI)
Lean Burn (Gas only)

High Pressure Direct Injection
(HPDI)

b The Old Paradigm: - ' (Diesel + Gas)
of Global GHG )P Diesel / Compression |y

Emissions from - Ignition
Transport

Spark-Ignition (SI)

Stoichiometric (Gas only) The Dominant
Commercial
Dual-Fuel Technology Standards Today.

/\ (Diesel + Gas)

Heavy freight consumes 25% of
transport energy but produces ~50% of
highway NOx and soot (PM).




23%
of Global GHG

Emissions from
Transport

/\

Heavy freight consumes 25% of
transport energy but produces ~50% of
highway NOx and soot (PM).

S| Stoichiometric: The Zero-Soot Engine

O—— Operates at Lambda = 1
(Perfect Air/Fuel Ratio)

{ & - ~

\

Three-Way
Catalyst

J

B (Reduces NO, NO,, THC,
and CO simultaneously)

1
1

-------------

Diesel Particulate
Filter (DPF)

———————

The Killer Feature: Virtual absence of Particulate Matter (PM). Eliminates the
need for DPF maintenance, regeneration cycles, and associated downtime.




Main INZ
Biomethane Flow . - NC/D(C : E
)| el [Pl i iesel P
. UdLuu 2 U U U
‘/ : /r//{r e ata naen UXIGE
Diesel Pilot 11 /07
Injection i | O |
2

>
EZHL\ A

/

The Trade-Off: Diesel pilot injection provides excellent torque and fallback capability,
but re-introduces soot. A DPF remains strictly necessary to meet EURO VI / P8
emission standards.






