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Abstract 

Renewable fuels of non-biological origin (RFNBO) are pure renewable hydrogen or synthetic fuels 

produced from renewable hydrogen and captured carbon dioxide (CO₂) or nitrogen (N₂). They 

represent a key solution to decarbonise transport and industry, where direct electrification is not 

viable. RFNBO can deliver over 70% greenhouse gas savings compared to fossil fuels, while using 

part of the existing energy infrastructure. Currently, the best market options, such as e-methanol, e-

kerosene, e-ammonia, and e-methane, have reached Technology Readiness Levels 6–8, with early 

commercial projects operating in Germany and Denmark. Despite this progress, the limited supply of 

renewable hydrogen, low penetration of carbon capture technologies, and high capital and operating 

costs still constrain competitiveness. Supported by the Renewable Energy Directive (RED II), 

ReFuelEU Aviation, FuelEU Maritime, and the Net-Zero Industry Act, EU policy provides a strong 

framework for large-scale production by 2050. The EU maintains a global leadership in research 

and demonstration and has promoted several support mechanisms for accelerating the industry 

developments.  
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Foreword on the Clean Energy Technology Observatory 

The European Commission set up the Clean Energy Technology Observatory (CETO) in 2022 to help 

address the complexity and multi-faced character of the transition to a climate-neutral society in 

Europe. The EU’s ambitious energy and climate policies create a necessity to tackle the related 

challenges in a comprehensive manner, recognizing the important role for advanced technologies 

and innovation in the process.  

CETO is a joint initiative of the European Commission Joint Research Centre (JRC), who run the 

observatory, and Directorate Generals Research and Innovation (R&I) and Energy (ENER) on the 

policy side. Its overall objectives are to: 

— monitor the EU research and innovation activities on clean energy technologies needed for the 
delivery of the European Green Deal  

— assess the competitiveness of the EU clean energy sector and its positioning in the global 
energy market  

— build on existing Commission studies, relevant information & knowledge in Commission services 
and agencies, and the Low Carbon Energy Observatory (2015-2020) 

— publish reports on the Strategic Energy Technology Plan (SET-Plan) SETIS online platform 

CETO provides a repository of techno- and socio-economic data on the most relevant technologies 

and their integration in the energy system. It targets in particular the status and outlook for 

innovative solutions as well as the sustainable market uptake of both mature and inventive 

technologies. The project serves as primary source of data for the Commission’s annual progress 

reports on competitiveness of clean energy technologies. It also supports the implementation of and 

development of EU research and innovation policy.   

The observatory produces a series of annual reports addressing the following themes:  

— Clean Energy Technology Status, Value Chains and Market: covering advanced biofuels, 
batteries, bioenergy, carbon capture utilisation and storage, concentrated solar power and heat, 
geothermal heat and power, heat pumps, hydropower & pumped hydropower storage, novel 
electricity and heat storage technologies, ocean energy, photovoltaics, renewable fuels of non-
biological origin (other), renewable hydrogen, solar fuels (direct) and wind (offshore and 
onshore). 

— Clean Energy Technology System Integration: building-related technologies, digital infrastructure 
for smart energy system, industrial and district heat & cold management, standalone systems, 
transmission and distribution technologies, smart cities and innovative energy carriers and 
supply for transport. 

— Foresight Analysis for Future Clean Energy Technologies using Weak Signal Analysis 

— Clean Energy Outlooks: Analysis and Critical Review 

— System Modelling for Clean Energy Technology Scenarios 

— Overall Strategic Analysis of Clean Energy Technology Sector 

More details are available on the CETO web pages. 

 

https://setis.ec.europa.eu/index_en
https://energy.ec.europa.eu/topics/research-and-technology/clean-energy-competitiveness_en
https://setis.ec.europa.eu/publications/clean-energy-technology-observatory-ceto_en
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Executive summary 

The 2018 Renewable Energy Directive (RED II) defines renewable fuels of non-biological origin 

(RFNBO) as fuels produced from renewable hydrogen (excluding biomass) and carbon dioxide 

obtained from fossil flue gases, direct air capture (DAC), or from other non-renewable, biological, or 

natural sources, as well as nitrogen captured from the air. This category includes synthetic 

hydrocarbons, alcohols, and ammonia-based fuels. Together with advanced biofuels, RFNBO 

represent a key pathway to decarbonising Europe’s fossil fuel supply by leveraging existing 

infrastructure for distribution, storage, and end-use. They offer a viable solution for decarbonising 

hard-to-electrify sectors like aviation, maritime transport, and heavy industry. They complement 

electrification by enabling large-scale energy storage, using existing fuel infrastructure, and 

supporting energy system flexibility. 

This report addresses the downstream synthetic conversion of RFNBO hydrogen into synthetic fuels, 

hereafter referred to as RFNBO. The study updates the previous CETO 2024 analysis with new data 

on production capacity, conversion pathways, infrastructure deployment, and policy frameworks. It 

highlights progress and remaining challenges in scaling up RFNBO as a strategic part of Europe’s 

transition to climate neutrality. The development of RFNBO is closely linked to parallel progress in 

renewable hydrogen, Carbon Capture, Utilisation and Storage (CCUS, both biogenic and fossil), and 

power systems integration, addressed in other CETO reports. 

EU objectives and challenges / policy context 

The Renewable Energy Directive (EU) 2023/2413 (RED III), adopted as part of the Fit-for-55 

package, strengthens the role of RFNBO by setting binding energy targets and updated 

sustainability criteria. For transport, EU Member States must achieve either a 14.5% reduction in 

greenhouse gas (GHG) intensity or a 29% share of energy from renewable sources, with a combined 

sub-target of 5.5% for advanced biofuels, biogases and RFNBO (of which at least 1% must be 

RFNBO). In industry, RFNBO must account for 42% of hydrogen consumption by 2030 and 60% by 

2035, increasing the use of renewable energy by 1.6% annually. Two delegated acts adopted in 

2023 set out when hydrogen-based fuels qualify as RFNBO and defined a life cycle GHG 

methodology, requiring at least 70% emission savings compared to fossil fuels. These two acts also 

integrated RFNBO certification into the EU regulatory framework for hydrogen. As of 2025, the 

European Commission has recognised three voluntary certification schemes that ensure traceability 

and compliance with the RED sustainability standards. 

The role of RFNBO is further reinforced by sectoral regulations: 

• ReFuelEU Aviation requires at least 35% RFNBO content in aviation fuels by 2050 and 

includes intermediate milestones aligned with the RED targets. 

• FuelEU Maritime requires a minimum share of RFNBO of 2% from 2035, contributing to an 

80% GHG intensity reduction of maritime fuels by mid-century, which however is expected to 

be obtained by a mix of renewable and low-carbon fuels. 

Both regulations include multipliers (1.5x) to reward RFNBO use under the RED transport targets. 

RFNBO are also recognised under Regulation (EU) 2023/851 on CO₂ standards for vehicles as a 

complementary solution in hard-to-electrify sectors such as aviation, maritime and heavy-duty road 

transport. The Net-Zero Industry Act (NZIA) identifies RFNBO as a strategic net-zero technology 

essential for the EU’s competitiveness and resilience. Despite this strong legislative momentum, 

several challenges remain: high demand for and price of renewable electricity, limited hydrogen 

production capacity, energy intensive CO2 capture, reduced availability of CO2 sources as CO2 from 
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fossil energy-based electricity plants can be used until 2036, and CO2 from other EU ETS companies 

can be used until 2041, after which CO2 from bioenergy installations and direct air capture will be 

the main eligible sources of carbon for RFNBO, high capital and operating costs, and slow permitting 

procedures. Competition for renewable electricity between sectors may limit the pace of RFNBO 

scale-up unless grid reinforcement, energy storage and renewable energy generation are 

significantly increased. 

Technology status 

RFNBO production technologies involve first electrolysers, and then the downstream conversion of 

renewable hydrogen into syntethic fuels such as e-methane (via the Sabatier reaction), e-ammonia 

(via the Haber–Bosch reaction), e-methanol, e-kerosene/diesel (via the Fischer–Tropsch or methanol 

routes), and others. In most cases, these conversion pathways are based on established industrial 

processes using fossil-based inputs, now adapted for renewable hydrogen and captured carbon 

dioxide (CO₂) or nitrogen (N₂) as feedstocks. This report examines the downstream synthetic 

conversion of RFNBO hydrogen into synthetic fuels, which will be referred to as RFNBO throughout 

the document. Technology Readiness Levels (TRLs) vary from 5–7 for innovative variants, up to 8–9 

for commercially ready pathways like e-methanol and e-CH₄. Most RFNBO technologies are 

therefore at pilot or early commercial scale, with no fundamental technical barriers, but with 

substantial economic and infrastructure challenges to overcome. Installed capacity remains modest, 

with approximately 35 operational e-methane plants in 2024 and total EU e-fuel capacity below 0.5 

Mt/year, although project pipelines, particularly the 45 announced e-kerosene (Sustainable Aviation 

Fuel (SAF)) projects and several Power-to-X (PtX) hubs, are expected to expand capacity to few 

hundred thousand tons per year by 2030. Notable plants in 2025 include new infrastructures in 

Germany and Denmark.  

Cost trends indicate strong learning effects: capital expenditures (CAPEX) for synthesis plants is 

projected to decrease by 30–35% by 2050, with the largest cost reductions for e-methanol and e-

methanol-to-e-kerosene plants. By 2030, several studies estimated production costs at €1.6–2.3 

per litre of diesel equivalent for e-methanol and over €3.5 per litre for Fischer–Tropsch fuels, but 

the current trend can reach higher levels. Reducing electricity prices remains the most critical lever, 

given that electrolytic hydrogen requires electricity to power the electrolysers, followed by other 

factors, such as economies of scale and electrolyser cost and efficiency improvements. 

Patent activity focuses on the integtration of hydrogen and Carbon Capture and Utilisation (CCU), 

overlapping with biofuel pathways. The EU is a world leader in scientific output, generating over a 

third of all high-impact publications (2014–2024) and maintaining strong research hubs in 

Germany, Denmark, Italy, and Finland. 

Investment and funding 

Public funding for research and innovation under Horizon 2020 and Horizon Europe has reached 

€200 million for over 40 projects, focused on electrochemical, photochemical, plasma, and catalytic 

RFNBO production. Projects like SUN-to-LIQUID, FReSME, KEROGREEN, and CO₂Fokus have 

demonstrated renewable jet fuel, methanol, and DME synthesis routes at pilot scale. Other EU 

initiatives can also indirectly finance RFNBO projects by leveraging complementary funding streams, 

EU public support for innovation readiness, and private capital for commercialisation and scale-up. 

Commercial-scale projects still rely heavily on public guarantees and offtake agreements, 

highlighting the importance of mechanisms such as the European Hydrogen Bank and the 

Innovation Fund to reduce the risk of capital-intensive investments. 

 



 

8 

Value chain 

The RFNBO value chain integrates renewable hydrogen production, CO₂/N₂ capture, chemical 

synthesis, and fuel distribution, spanning multiple industrial sectors. Early deployment is 

concentrated in Germany, Denmark, the Netherlands, and Spain, where synergies between 

renewable power and industy enable the creation of clusters. 

The economic potential is considerable: RFNBO could contribute over €40–60 billion annually to the 

EU economy by 2040, creating up to 200,000 direct and indirect jobs in the hydrogen, chemical, and 

transport sectors. However, skills shortages in process engineering, catalyst design, and digital 

automation require targeted training initiatives and reskilling programmes. 

Integration with hydrogen valleys, industrial clusters, and cross-border energy corridors will be 

crucial to achieving economies of scale and ensuring efficient logistics and certification in Member 

States. 

Sustainability 

Sustainability of RFNBO is directly linked to the sustainability of the hydrogen used as feedstock. 

According to the EU RED II Directive, only hydrogen that meets GHG emission reduction thresholds 

(>70% lifecycle GHG reduction compared to a fossil fuel comparator) can be considered renewable, 

ensuring that RFNBO meet strict lifecycle performance standards. Other environmental life cycle 

assessment (LCA) indicators, such as land use, resource efficiency, and water footprint, are 

indirectly addressed within the broader EU regulatory and policy framework. RFNBO also reduce 

local pollutants (nitrogen oxides NOₓ, particulate matter PM) and can enhance the flexibility of the 

energy system by serving as large-scale storage vectors. Sustainability challenges remain, 

particularly high electricity intensity, concerns about increased demand for renewable energy 

generation, and verification of CO₂ sources.  

The deployment of RFNBO can promote regional economic cohesion by stimulating investment in 

industrial regions in transition. From an economic perspective, RFNBO improves energy 

independence and resilience to imported fossil fuels. 

EU positioning and global competitiveness 

The EU maintains global leadership in RFNBO research, demonstration, and regulatory frameworks, 

but lags behind the United States and China in commercial scale-up. Under the Net-Zero Industry 

Act, the EU aims to secure 40% domestic production of strategic net-zero emission technologies by 

2030, including e-fuels (and thus also RFNBO), and to strengthen local supply chains for 

electrolysers, synthesis reactors, and Sustainable Aviation Fuel (SAF) production units. Trade 

patterns are expected to evolve, with near-term imports of synthetic fuels from renewable-energy-

rich regions (e.g., North Africa and the Middle East) complementing domestic capacity until 

European facilities reach maturity. This cooperation, however, should be managed carefully to avoid 

undue pressure on domestic industry and to safeguard EU competitiveness. 

Ensuring competitiveness will depend on cost convergence, resource availability, accelerated 

permitting, grid and storage reinforcement, and certification harmonisation. The EU’s robust policy 

architecture, strong research base, and the current industrial integration will ensure that the EU will 

rapidly move from the current pilot and demonstration phase to sustainable industrial deployment. 
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Table 1. CETO SWOT analysis for the competitiveness of RFNBO. 

Strengths: 

• Some synthesis technologies (e.g., Haber-

Bosch, Fischer–Tropsch) already exist and 

can be adapted for renewable hydrogen 

use; 

• A supportive EU legislative framework 

under RED, ReFuelEU Aviation, and FuelEU 

Maritime, creating a clear long-term 

demand; 

• Synthetic hydrocarbons are compatible 

with existing fuel logistics and 

infrastructure, avoiding major additional 

investment; 

• Promising decarbonisation solution for 

hard-to-electrify sectors (aviation, 

maritime, heavy-duty transport, industrial 

feedstocks); 

• Drop-in fuel properties allow blending or 

direct substitution of fossil fuels without 

engine modifications; 

• Growing integration with carbon capture, 
utilization, and storage (CCUS and BECCS) 
initiatives and hydrogen hubs across 
Europe. 

Weaknesses: 

• Very high demand and needs for renewable 

electricity, CO₂ and grid reinforcement; 

• Current renewable hydrogen supply 

remains limited and expensive; 

• Low overall energy efficiency compared to 

direct electrification and direct hydrogen 

use as a fuel; 

• High capital intensity for electrolysers, 

synthesis plants, and CO₂ capture systems; 

• Production costs remain well above fossil 

fuel alternatives, even with carbon pricing 

including allowances and penalties; 

• Limited large-scale demonstration plants; 

• Alcohols and ammonia require engine 

modifications; 

• Complex permitting processes; 

• Intermittency of renewable energy 

increases operational and investment risks. 

Opportunities: 

• Use of excess renewable power for fuel 

synthesis supports grid balancing and 

storage; 

• Strengthened EU policy incentives, 

including the Hydrogen Bank and the State 

Aid frameworks under the Temporary Crisis 

and Transition Framework (TCTF); 

• Strategic contribution to EU energy security 

and independence from fossil imports; 

• Industrial and employment growth across 

new hydrogen and synthetic fuels value 

chains; 

• Easier transport compared to renewable 

hydrogen in the existing infrastructures; 

• Growing interest in regional hydrogen 

valleys and cross-border hydrogen 

corridors.  

Threats: 

• Uncertainty about long-term investments 

due to evolving certification and support 

mechanisms; 

• Slow permitting and regulatory complexity 

may delay large-scale deployment; 

• Strong competition for renewable 

electricity from other sectors (buildings, 

electric vehicles, industry); 

• Risk of non-compliance or greenwashing if 

renewable electricity sourcing is not 

adequately verified; 

• Possible public resistance to the use of 

fossil CO₂ after 2036; 

• Uncertain volumes of CO₂ available for 

large-scale applications after 2036;  

• Insufficient grid and hydrogen transport 

infrastructure to meet growing demand; 
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• Global competition (e.g., US, China) may 

attract EU investments abroad; 

• Volatile carbon prices and limited offtake 

agreements can hinder bankability. 
 Source: JRC, 2025.   
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1 Introduction 

1.1 Scope and context 

This report on renewable fuels of non-biological origin (RFNBO) in the European Union is part of the 

annual series of reports from the Clean Energy Technology Observatory (CETO). This report builds 

on EU studies in this field and updates the previous CETO report CETO reports 2024 - European 

Commission. It provides an overview of the current state of RFNBO, including e.g., technology 

maturity status, installed energy capacity and production, technology costs, public and private R&I 

funding, value chain analysis, and net-zero technologies.   

The RFNBO play a crucial role in achieving the objectives of the European Green Deal, REPowerEU, 

Net-Zero Industry Act, Renewable Energy Directive (RED III), FuelEU Maritime & ReFuelEU Aviation 

regulations, and EU Taxonomy for Sustainable Activities. The EU has set ambitious targets for 

renewable energy including transport sector, carbon neutrality, sustainability criteria, and RFNBO are 

expected to contribute significantly to these efforts. 

The report is organized into five main chapters. Chapter 2 examines the state of the art and future 

developments of RFNBO, focusing on advancements in technology readiness, energy capacity, costs, 

and research funding. Chapter 3 focuses on the value chain analysis, covering economic 

contributions, sustainability, and the role of EU companies in the market. Chapter 4 provides an 

overview of the EU's global position and competitiveness in the RFNBO industry, analyzing market 

status, trade dynamics, and resource efficiency. Chapter 5 concludes the report by synthesising key 

findings and highlighting strategic opportunities and challenges. 

1.2 Methodology and data sources 

The present report follows the general structure of all CETO technology reports and is divided into 

four sections with several indicators aiming to present and evaluate the EU renewable fuels of non-

biological origin (RFNBO) technology along its value chain: 

• Technology State of the art and future developments and trends; 

• Value chain analysis; 

• EU position and global competitiveness. 

The report uses the following information sources: 

• Eurostat data; 

• Existing studies and reviews published by the European Commission and international 

organisations; 

• Information from EU-funded research projects; 

• EU and international databases; 

• EU trade data, trade reports, market research reports and others; 

• JRC own review and data compilation; 

• Stakeholders’ input. 

Details of specific sources can be found in the corresponding sections and in the references. 

https://setis.ec.europa.eu/publications-and-documents/clean-energy-technology-observatory/ceto-reports-2024_en
https://setis.ec.europa.eu/publications-and-documents/clean-energy-technology-observatory/ceto-reports-2024_en
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2 Technology status and development trends  

2.1 Technology overview 

The supply chain of RFNBO (also called electrofuels (e-fuels), Power-to-Gas (PtG) and Power-to-

Liquid (PtL) when not-necessarily produced from renewable electricity) is generally associated with 

several conversion steps, starting from renewable electricity and non-biological carbon or nitrogen 

sources (generally CO2 or N2). By definition, RFNBO can also be produced from hydrogen produced 

from other non-biological sources (still with very low TRL), such as solar energy, microbial 

electrolysis cells or artificial photosynthesis. On the other hand, the CO2 recovery is also referred to 

as the Carbon Capture and Utilization (CCU) value chain, meaning that the recovered carbon is 

incorporated into either into the fuel, or for other purposes.  

There are several routes to produce RFNBO, consisting in a series of technological steps that include 

(a) hydrogen production; (b) carbon capture from various sources or nitrogen separation from air; 

and (c) chemical fuel synthesis through several conversion steps in which hydrogen reactes with 

carbon dioxide or nitrogen to produce methane, ammonia, methanol or hydrocarbons (gasoline, 

diesel or kerosene), as shown in Figure 1, followed by cleaning and purification steps. Some fuels, 

such as alcohols or paraffins, can be further refined by Alcohol-to-Jet (ATJ) method and 

isomerization to meet the quality requirements of refined fuels as Sustainable Aviation Fuel (SAF).  

This report focuses on the second stage of conversion, assuming that both hydrogen and CO2/N2 are 

available as feedstocks for the production of hydrocarbons, ammonia or alcohol fuels. The 

production of carbon-based fuels starts with a gas shift reaction, followed by other specific 

reactions depending on the fuels required. In the case of methanol production, CO2 and H2 can 

react directly through the methanol synthesis, while for other products, such as methane and 

Fischer-Tropsch (FT) hydrocarbons, a reverse water gas shift reaction is needed to convert CO2 to 

CO, prior to the catalytic synthesis process where the products are formed, see Figure 1. 

Figure 1. Schematic of the RFNBO pathways considered. 

 
Source: JRC Elaboration. 
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The TRL assessment considers the processing steps following hydrogen production and Carbon 

Capture, Utilization, and Storage (CCUS) processes (in which hydrogen assumes the role of an 

intermediate energy carrier). According to the assessments of IEA (AMF Annex 58 and IEA Bioenergy 

Task 41, 2020; International Energy Agency (IEA), 2024), the average TRL of RFNBO conversion 

pathways is around 6-7, but technologies included in commercial fossil-based supply chains have 

high values (e.g., the chemical industry producing ammonia and alcohols).  

2.2 Hydrogen production context 

Hydrogen can be produced by several production pathways, including thermochemical processing of 

fossil or biomass sources, biological processes and water electrolysis. These processes are 

described in detail in the CETO report on “Water electrolysis and hydrogen in the European Union” 

(Bolard et al., 2024). Most of the hydrogen produced today comes from fossil feedstocks via steam 

reforming of natural gas, partial oxidation of methane and coal gasification (European Hydrogen 

Observatory, 2025). In addition to fossil-based and renewable hydrogen from water electrolysis, 

there are also some bio-hydrogen based pathways, which have been described by some authors of 

this report in a peer-reviewed paper (Buffi, Prussi and Scarlat, 2022).  

2.3 Carbon capture  

The production of e-fuels requires CO2 (except ammonia), which can be obtained from various 

sources, such as combustion gases (from both bio or fossil fuels), industrial processes (e.g., off 

gases), biogenic CO2 (e.g., from ethanol fermentation, biomethane upgrading), and CO2 captured 

directly from the air (Madejski et al., 2022).  

Carbon capture and utilisation (CCU) is considered an important CO2 mitigation strategy that 

supports and complements carbon capture and storage (CCS) objectives for the abatement and 

sequestration of CO2. It represents various pathways that use CO2 as a feedstock in process 

systems or otherwise for the generation of value-added commodities (Dange et al., 2021). A more 

detailed analysis of this topic can be found in the CETO CCUS report (Martinez Castilla et al., 2024). 

Specific data on energy consumptions and CO2 concentrations for different carbon capture options 

are available in the latest Concawe report on e-fuels (Soler et al., 2024). 

2.4 Nitrogen separation 

Nitrogen for ammonia synthesis is commonly produced by air separation by fractional distillation, in 

which air is first cooled until it liquefies, and then selectively distilling the components at their 

various boiling points. Alternative, lower-energy approaches to air separation include Pressure Swing 

Adsorption (PSA) and membrane separation technologies. Ammonia is a product of the chemical 

industry with 185 Mt production in 2020, of which 72% came from natural gas-based steam 

reforming and 26% from coal gasification (IEA 2021). 

2.5 Fuel synthesis: Power-to-Gas 

This section presents the only process producing gaseous fuels from hydrogen and CO2. The 

following is a list of the most common synthesis-based conversion technologies, i.e. the production 

of e-CH4. A more detailed description of these processes is available in the previous CETO reports on 

RFNBO. 
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2.5.1 e-CH4 (methanation with renewable hydrogen and CO2) 

Synthetic methane is produced by the Sabatier reaction, an exothermic process that converts CO2 

and H2 into CH4 and water. The process is typically carried out at high temperatures and pressures 

using a catalyst, with nickel-based catalysts being the most common due to their efficiency and low 

cost. 

Key Performance Indicators (KPIs) and other features 

• TRL (Technology Readiness Level): The technology is well developed, with a TRL of 8-9, 

indicating that it is ready for commercial use (intended for the entire supply chain). 

• Conversion process operating conditions: Typical operating temperature range is 250–550°C 

and pressure is 1–100 bar. 

o CO2 conversion: A high 70–90% of CO2 is typically converted. 

• Theoretical hydrogen-to-methane efficiency: The theoretical conversion efficiency of 

hydrogen energy to methane is 78%.  

o Energy conversion and GHG emissions: see Annex I. 

• Inputs and outputs (for 1 kg methane): 

o Inputs: Approximately 0.50 kg of H2, up to 3.00 kg of CO2, and 1.15 MJ of power are 

required to produce 1 kg of fuel. 

o Outputs: 1 kg of fuel, 2.25 kg of water, and 0.25 kg of CO2 emissions. 

Plant capacity and production: 

• Operational plants: at the end of 2023, 35 operational e-methane production plants in the 

EU, mainly in Germany 

• Current production capacity: The current production capacity is 449 GWh/year (2024). 

• Future projections: This capacity is projected to increase to almost 3,000 GWh/year by 

2027, with an estimated 55 plants in operation or planned (estimates from the sectorial 

association, additional data from POTEnCIA modelling in 2.8.). 

• CO2 source: Most new plants and projects plan to use CO2 from biogas upgrading to 

biomethane, while direct air capture (DAC) is another long-term opportunity. 

• Relevant updates in 2025: Hy2gen Deutschland GmbH, the German subsidiary of Hy2gen, 

has secured certification for its Atlantis plant in Werlte, becoming Germany's first certified 

producer of RFNBO compliant e-methane under the EU RED scheme. Also, the Danish 

PowerLBG plant has been accredited by ISCC for sustainable e-LNG production.  

References: (Ghaib, Nitz and Ben-Fares, 2016), (Tan et al., 2022), (Lindorfer et al., 2019), (Gorre, 

Ortloff and van Leeuwen, 2019), (Jarvis and Samsatli, 2018) , (Chauvy et al., 2020), (Soler et al., 

2022, 2024), (Weindorf et al., 2019), (European Biogas Association (EBA), 2024), (GrønGas 

Hjørring A/S & Grøn Brint A/S, 2025; HY2GEN, 2025). 

2.6 Fuel synthesis: Power-to-Liquid 

This section describes the processes for producing liquid fuels from hydrogen and CO2/N2. Some 

fuels can also be referred to as chemicals, such as ammonia and methanol. The following describes 
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the most common synthesis-based conversion technologies, which can also be used to produce 

advanced biofuels, if CO and H2 come from biomass, or RFNBO if hydrogen comes from renewable 

sources (even if CO2 is obtained from biological process as it has no energy content). A more 

detailed description of these processes is available in the previous CETO reports on RFNBO. 

2.6.1 e-NH3 (ammonia) from renewable electricity via Haber Bosch process  

Ammonia (NH₃) is a colourless gas with a low boiling point (–33.5 °C). Traditionally used in 

refrigeration and fertilisers, it is now explored as a hydrogen carrier and zero-carbon fuel (notably 

for maritime). N₂ and H₂, produced by the Haber-Bosch (HB) process, react over an iron catalyst at 

400–500 °C and >100 bar. Most of the electricity demand (approximately 95%) is for hydrogen 

production; no direct CO₂ emissions are generated when renewable electricity is used. 

Key Performance Indicators (KPIs) and other features 

• TRL: Low for transport applications (especially maritime engines/fuel cells/gas turbines). 

Also low for industry as it is not produced for fuel applications, even if it is used in the 

chemical industry. Estimated at 6-7. 

• Operating conditions: 400–500 °C; >100 bar. 

• Technical efficiency 60–65% technically efficient, with modern optimization pushing energy 

consumption close to the thermodynamic limit. Integrated efficiency can be increased by 

using the waste heat from synthesis for high-temp electrolysers.  

o Energy conversion and GHG emissions: see Annex I. 

• N2 Source: Captured from air. 

• Inputs and outputs (per 1 kg NH₃) 

o Inputs: 0.178 kg H₂, 0.822 kg N₂, 2.16 MJ electricity. 

o Outputs: 1 kg NH₃, 2.18 MJ heat. 

Plant capacity and production:  

• Operational plants: Not intended for RFNBO, but modern plants retain the classic HB 

configuration with integration innovations to increase efficiency. 

• Current production capacity: Small quantities from demo-projects (2024). 

• Future projections: This capacity is projected to increase soon for maritime applications 

(estimates from the sectorial association, additional data from POTEnCIA modelling in 2.8.). 

• Relevant updates in 2025: BASF becomes the first producer of renewable ammonia in 

Central Europe  

References: (Soler and Yugo, 2020; IRENA and AEA, 2022), (Valera-Medina et al., 2021), 

(Salmon and Bañares-Alcántara, 2021), (Guteša Božo et al., 2019; Elbaz et al., 2022), (Jiang et 

al., 2024), (Rouwenhorst, Travis and Lefferts, 2022), (Jeerh, Zhang and Tao, 2021), (Al-Aboosi et 

al., 2021). (International Energy Agency (IEA), 2024), (Klüssmann et al., 2020; Imhoff, 

Gkantonas and Mastorakos, 2021), (Rouwenhorst, Travis and Lefferts, 2022), (Soler et al., 2024) 

(Schuller, Bopp and Rapp, 2024), (BASF, 2025). 
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2.6.2 e-methanol via methanolysis 

Methanol (CH₃OH) is the simplest alcohol, liquid at ambient conditions, but volatile and toxic. It has 

approximately half the volumetric energy density of gasoline (LHV basis) and a boiling point of 64.7 

°C. In addition to chemical uses (solvents, feedstock for ethers, biodiesel production), it is explored 

as a transport fuel and a maritime fuel. E-methanol is produced by direct CO₂ hydrogenation 

(without RWGS step): 

Key Performance Indicators (KPIs) and other features 

• TRL: 8 (full RFNBO supply chain). Fossil-based methanol has a TRL 9. Engines are not 

particularly challenging to be retrofitted for methanol use.  

• Conversion process operating conditions: 225 °C; 50 bar. 

• CO₂ conversion: approximately 94%. 

• Technical efficiency: 60–65%, depending on catalyst/heat integration. 

• Energy conversion and GHG emissions: see Annex I. 

• Inputs and outputs (per 1 kg fuel): 

• Inputs: 0.193 kg H₂, 1.40 kg CO₂, 1.07 MJ electricity, 1.72 MJ heat. 

• Outputs: 1.0 kg methanol, 0.59 kg water. 

Plant capacity and production 

• Operational plants: Several demo-scale projects (2024). 

• Current production capacity: Limited, mainly for pilot projects/industry. 

• Future projections: Scaling foreseen for industrial and maritime fuels  

• CO₂ source: Mainly biogenic; increasing reliance on DAC expected. 

• Relevant updates in 2025: ISO developed a standard for methyl/ethyl alcohols as marine 

fuels (ISO/AWI 6583). The Kassø Power-to-X has been certified as producing e-methanol 

under the EU RED scheme by ISCC. Belgian tugboat Methatug is equipped with the world’s 

first ship engine powered mainly by methanol. 

References: (Verhelst et al., 2019), (Pirola, Bozzano and Manenti, 2018; IRENA and Methanol 
Institute, 2021), (Guil-López et al., 2019), (Schorn et al., 2021), (Svanberg et al., 2018), (ISO, 
2023), (Sebos, 2022), (Schorn et al., 2021), (Dieterich et al., 2020), (Weindorf et al., 2019; Yugo 
and Soler, 2019), (Pérez-fortes and Tzimas, 2016; Jarvis and Samsatli, 2018), (Soler et al., 
2024), (European Energy, 2025), (The EU Research and Innovation Magazine, 2025).  

2.6.3 e-diesel, e-kerosene and e-gasoline via Fischer-Tropsch route 

The Fischer–Tropsch (FT) synthesis produces drop-in hydrocarbons, diesel, kerosene, gasoline, from 

syngas (H₂ + CO). Originally designed to convert coal into fuels in Germany in the early 20th 

century, this pathway now applies to biomass (BtL), gas (GtL), coal (CtL), and more recently for 

Power-to-Liquid (PtL) with CO₂-derived syngas. Upstream, CO₂ is converted to CO using reverse 

water-gas shift (RWGS); downstream, the products are upgraded via hydrocracking, isomerisation, 

and distillation. The FT-derived kerosene can be blended up to 50% with jet fuel according to ASTM 

standards. 

Key Performance Indicators (KPIs) and other features 

• TRL: 7–8 – mature for CtL/GtL, lower for PtL from renewable hydrogen and CCU. 

• Conversion process operating conditions: 200–350 °C; 20–40 bar. 
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• CO₂ conversion: Approximately 52%. 

• Efficiency factors: Catalyst-dependent; e-SAF synthesis often requires additional hydrogen 

input. 

• Energy efficiency and GHG emissions: See Annex I data. 

• Inputs and outputs (per 1 MJ e-diesel equivalent) 

o Inputs: ~11.7 g H₂, 88 g CO₂, 0.044 MJ electricity 

o Outputs: ~23.2 g e-diesel, ~0.214 MJ heat 

Plant capacity and production 

• Operational plants: CtL/GtL is well established; PtL demo facilities are already in operation 

but on a small scale.  

• Current production: Given the REFuelEU mandates, e-SAF will be prioritised. Even if the 

production facilities have not yet reached commercial scale, production is estimated at 

10,000 tonnes per year.  

• Future projections: According to the T&E e-SAF observatory in 2024, approximately 45 e-

kerosene projects are underway in the EEA (25 large-scale, 20 pilot), aiming for 1.7 Mt/year 

by 2030. However, during 2025, several projects were revised, delayed or cancelled. To 

meet 1.2% e-SAF requirement by 2030 (as estimated by EASA), about 550 kt/year of SAF 

will be needed.  

• Relevant updates in 2025: INERATEC’s new ERA ONE pilot-plant in Frankfurt is now 

operational (June 2025), producing up to 2,500 tons/year of carbon-neutral e-fuels (e-SAF, 

e-diesel, other chemicals), using biogenic CO₂ and green H₂ from the local industrial park. 

Norsk e-Fuel is still commissioning its plant in Sweden.  

References: (Steynberg and Dry, 2004), (Mahmoudi et al., 2017), (Schmidt and Weindorf, 2016), 

(Basu, 2018), (Jahangiri et al., 2014), (Colelli et al., 2023; Bube et al., 2024), (Chiaramonti, 

2019), (BEST and IEA Bioenergy Task 39, 2022), (Dieterich et al., 2020), (Yugo and Soler, 2019), 

(Concawe, 2022), (Soler et al., 2024), (Schmidt et al., 2023) (Jarvis and Samsatli, 2018), (Our 

Technology | Norsk e-Fuel, 2022), (Weindorf et al., 2019), (Transport & Environment, 2024), 

(European Union Aviation Safety Agency, 2024), (Alfonso García de las Heras, 2021). 

2.6.4 e-diesel, e-kerosene and e-gasoline via Methanol route 

This pathway converts methanol into drop-in hydrocarbons through industrial steps: DME synthesis, 

olefin synthesis (MTO), oligomerization and hydrogenation. The route is flexible and built on proven 

unit operations, but full market approval for methanol-to-jet (MTJ) SAF is still in preparation. 

Several pilot and demo projects are active to validate the entire chain from renewable H₂ + CO₂ → 

methanol → hydrocarbons.  

Key Performance Indicators (KPIs) and other features 

• TRL: 6-7 (when supplied by high-temperature electrolysers); up to 8–9 with low-

temperature electrolysers or using mature methanol synthesis supply chains.  

• Flexibility / CAPEX impact: Integration into existing methanol plants is capital-efficient 

(estimated +15–17% of total plant). 
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• Process conversion efficiency: referring only to MeOH-to-kerosene, it varies depending on 

the specific technology, ranging from 48% to over 65%.  

• Standards / approval status: Methanol-to-jet (MTJ) pathway has been submitted for 

evaluation and is actively being assessed under ASTM procedures (D4054/D7566 process). 

Pilot projects aim to provide the data required for full ASTM approval.  

• Inputs and outputs (per 1 kg kerosene/diesel) 

o Inputs: 2.32 kg methanol; 0.01 kg H₂; 0.718 MJ electricity. 

o Outputs: 1.00 kg fuel; 1.31 kg water; 1.314 MJ heat.  

• Energy efficiency and GHG emissions: See Annex I data. 

Plant capacity and production 

• Operational plants / heritage: Fossil-based methanol-to-gasoline/processes have industrial 

precedents (ExxonMobil MOGD/MGT, Primus Green projects) and large-scale methanol 

reforming plants exist for fossil feedstocks. Renewable chains are entering pilot/early demo 

scale.  

• Current production: Currently limited to pilot and demonstration facilities for the entire 

renewable chain. 

• Future projection: The methanol route is considered attractive for rapid scaling as it 

leverages methanol market and infrastructure; several national and private projects target 

large-scale SAF via methanol. 

• Updates in 2025: In Germany, a multi-partner SAFari pilot project with several partners 

(Fraunhofer ISE, DLR, BP Europa, Clariant, and others) is operating a methanol-to-SAF pilot 

to generate qualification data required for ASTM approval of the MTJ pathway and to 

demonstrate >50% blend rates in the future. This project is explicitly targeted at providing 

performance and emissions data for full market approval. Moreover, CAC Engineering and 

TU Bergakademie Freiberg commissioned a pilot plant in 2025 producing first litres of 

methanol-based jet fuel; it is positioned as one of Germany’s largest methanol-to-SAF pilot 

efforts and aims to scale technical readiness. More projects will be launched soon. 

References: (Yarulina et al., 2018), (Weindorf et al., 2019), (Atsbha et al., 2021), (Keil, 1999), 

(Schmidt et al., 2018), (Yugo and Soler, 2019), (Chakraborty, Singh and Maity, 2022), (Dieterich et 

al., 2020). 

2.6.5 e-DME (Dimethyl Ether) and e-OME (Oxymethylene Ethers) 

Both molecules are ethers that are described as follows. 

• DME (CH₃–O–CH₃) is a gaseous fuel (boiling point –24.8 °C) with a high cetane number (55–

60), making it a strong compression-ignition fuel candidate. It can be blended into LPG or 

used standalone with minor engine modifications. It produces low NOₓ and particulate 

emissions and can be efficiently reformed into hydrogen. 

o e-DME can be synthesized from CO₂ via syngas (through RWGS) or by direct CO₂ 

hydrogenation. 
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• OMEs (CH₃O(CH₂O)_nCH₃, n=3–5) are liquid ethers with high oxygen content (42–48 wt %) 

that suppress combustion pollutants and, when derived from renewable methanol, offer 

near-diesel properties and compatibility with existing infrastructure. 

o OME synthesis can be done in anhydrous liquid-phase via DME + trioxane (TRI) with 

zeolite catalysts. Recent work has demonstrated continuous OME production at kg/h 

scale, with ~40 % selectivity to OME₃–₅ but fast catalyst deactivation. 

Key Performance Indicators (KPIs) 

o TRL: Early-stage — pilot, demonstration level (around TRL 5–7). 

o Operating conditions: OME synthesis at ~100 °C, ~40 bar. 

Fuel properties: 

o DME: High cetane (55–60), gaseous at ambient, non-toxic. 

o OME: Diesel-like profiles pending further standardization. OMEs (n=3–5) are largely 

compatible with EN 590; a pre-standard (DIN/TS 51699:2023-11) already exists.  

o Deactivation challenge: OME synthesis catalysts deactivate rapidly due to 

carbonaceous deposition; regeneration is possible but not yet fully effective.  

o Fuel specification standard: Pre-standard DIN/TS 51699:2023-11 issued for OME 

fuel; supports future alignment with diesel infrastructure.  

Plant capacity and production: 

o Operational plants: No commercial-scale e-DME or e-OME plants are currently 

operating. 

o Current production: Currently limited to pilot and demonstration facilities for the full 

renewable chain. 

o Future projection: Not accountable yet.  

o Updates in 2025: In the Netherlands, POWERED developed Sorption Enhanced DME 

Synthesis (SEDMES) technology to produce renewable DME from wind energy and 

CO₂. Continuous liquid-phase OME production from DME and TRI at kg/h scale has 

been demonstrated (KIT, RSC, 2025), revealing deactivation challenges and 

selectivity benchmarks. 

References: (Geitner et al., 2024; Drexler et al., 2025) (Sluijter and Tamargo, 2025), (Putrasari and 

Lim, 2022), (Styring, Dowson and Tozer, 2021), (Soler and Yugo, 2020), (De Falco et al., 2022), 

(Soler et al., 2024).  

2.6.6 Renewable jet fuel via innovative processes 

In addition to the progresses reported in 2024, the year 2025 saw rapid progress in several novel 

CO₂→carbon-building pathways (GlobalNewsWire, 2025; SkyNRG, 2025; Topsoe, 2025) beyond the 

classical RWGS→FT and methanol routes: (a) on-site electrochemical CO₂→CO (SOEC/electrolysis), 

(b) direct CO₂→paraffins/“G2L” catalytic routes, (c) electrochemical/chemical CO₂→ethanol/olefins 

(including biological/fermentation hybrids), and (d) intensified methanol-derived chains (DME → 

OME → fuels). Many advances are still at pilot / demo scale; H₂ cost and CO₂ sourcing/logistics 

remain dominant commercial barriers. 
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These highlights can be summarized as follows: the new Topsoe eCOs™, improved SOEC capability 

and Topsoe G2L™ demo selection (DLR Leuna plant); LanzaTech / ArcelorMittal Steelanol ethanol 

ramp / LanzaJet ATJ projects; reviews/advances in electrochemical CO₂→ethanol/ethylene synthesis.  

References: (Dorn et al., 2025; Liu et al., 2025), (GlobalNewsWire, 2025; SkyNRG, 2025; Topsoe, 

2025). 

2.7 Technology readiness level 

Table 1 summarizes the data gathered in sections 2.5 and 2.6 oas regards TRL values estimated for 

the various technologies. Excluding innovative processes and fuel molecules that are not yet widely 

used in the market (e.g., OME and DME), the average TRL ranges between 7 and 8. This indicates 

that most technologies have already been demonstrated at pilot or pre-commercial scale, with no 

fundamental technological barriers remaining to full commercialization. While synthesis modules 

can be readily scaled up—given that similar technologies are already applied in fossil-based 

chemical production—significant economic challenges persist. These are primarily linked to the 

availability of renewable hydrogen, the maturity of CO₂ capture technologies, and the integration of 

the full value chain, all of which will require additional years of development and investment to 

enable large-scale deployment. 

Table 1. Current TRL of power-to-liquid and power-to-gas technologies when powered by renewable energy and carbon 
source is CO2. 

 TRL (Technology Readiness Level) 

Sub-Technology    1   2   3   4   5   6   7   8   9   

e-CH₄ (methanation)          

e-NH₃ (Haber-Bosch for fuel use)          

e-MeOH (methanol synthesis)          

e-diesel / e-kerosene / e-gasoline (Fischer–
Tropsch) 

         

e-diesel / e-kerosene / e-gasoline (Methanol 
route) 

         

e-DME / e-OME          

Renewable jet fuel (innovative processes)          

Source: JRC analysis, 2025.  

2.8 Installed energy capacity and production/generation 

Europe's e-fuels sector is defined by a stark contrast between its current pilot-scale operations and 

an ambitious, policy-driven future. The market is still in its infancy. There is a wide range of projects 

aiming to bridge this gap. Currently, most European facilities are small-scale, producing only a few 

tons of e-fuels annually for demonstration purposes.  

Despite the nascent production, a massive scale-up is projected, driven by EU mandates such as 

ReFuelEU Aviation and FuelEU Maritime, and the recent possibility to certify RFNBO under the RED 

scheme (The European Commission (EC), 2025). Modeling predicts that installed capacity will reach 

around 50 GW by 2050, supplying over 5% of the EU's final energy consumption. Developments in 

individual sectors reveal different directions. E-kerosene is supported by the ReFuelEU mandate, 

with 45 announced projects in the EEA aiming to produce 1.7 Mt by 2030, exceeding targets. 

However, few of them have already secured final investment decisions. E-ammonia and e-methanol 

are key for the maritime sector. While e-methanol benefits from value chain collaboration such as 
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the Port of Gothenburg project, Europe's role in e-ammonia appears limited, with only 1.2% of 

global production expected by 2035. E-methane is being explored for shipping and decarbonising 

gas grids, with projects such as France's Jupiter 1000 demonstrating its production and use. The 

success of the transformation depends on converting ambitious project into operational industrial-

scale operational facilities.  

Table 2 shows a list including the current e-fuels facilities and their data. Few plants are currently 

operated in the EU and the overall production is a few tons of fuel per year, which is used for 

demonstration activities. 

Table 2. E-fuels plants available/under commissioning/planned today in EU (update 2025). 

Project 

name 

Project owner 

/ partners 

Country Technology / 

pathway 

Production 

capacity 

TRL Product(s) Start 

year 

ERA ONE INERATEC Germany FT synthesis from 
biogenic CO₂ + H₂ 

2,500 t/y 7–8 e-SAF, e-diesel, 
chemicals 

2025 

Kassø PtX European 
Energy 

Denmark CO₂ hydrogenation → 
e-methanol 

42,000 t/y 8 e-methanol 
(RFNBO certified) 

2025 

Synhelion 
DAWN 

Synhelion + 
partners 

Germany Solar-thermochemical 
(Sun-to-Liquid) 

pilot 
(hundreds t/y) 

7–8 e-kerosene, e-
gasoline, e-diesel 

2024/25 

Methatug Port of Antwerp 
/ CMB.TECH 

Belgium Methanol-fuelled 
tugboat (engine 
adaptation) 

N.A. Dem
o 

e-methanol in 
marine engine 

2025 

BASF 
Renewable 
Ammonia 

BASF Germany (EU) Haber–Bosch w/ 
renewable H₂ + N₂ 

pilot (t/y not 
disclosed) 

6–7 e-ammonia 
(energy 
carrier/fuel) 

2025 

POWERED 
(SEDMES) 

TNO + partners Netherlands Sorption-enhanced 
DME synthesis 

pilot (N.A.) 5–6 e-DME 2025 

Dimeta–
Enerkem DME 
plant 

Dimeta, 
Enerkem 

UK Waste-to-DME 300,000 t/y 
(planned) 

6–7 e-DME (LPG 
substitute) 

2025/27 

CO₂Fokus EU consortium EU (multi) Modular CO₂ + H₂ → 
DME 

pilot (kg-
scale) 

6 e-DME 2025 

OME 
continuous 
synthesis 

KIT, RSC Germany Catalytic OME₃–₅ 
synthesis 

kg/h scale 5–6 e-OME 2025 

SAFari (MTJ 
pilot) 

Fraunhofer ISE, 
DLR, BP, 
Clariant 

Germany Methanol-to-jet (MTJ) pilot (litres/h) 6–7 e-SAF 2025 

CAC Freiberg 
MTJ pilot 

CAC 
Engineering + 
TU Freiberg 

Germany Methanol-to-jet (MTJ) pilot 6 e-SAF 2025 

Steelanol / 
LanzaTech 
ATJ 

ArcelorMittal + 
LanzaTech 

Belgium CO₂-to-ethanol 80,000 t/y 
ethanol 

7–8 Ethanol (potential 
use of green H2 to 
produce RFNBO-
ethanol) 

2024/25 

Source: JRC elaboration. 
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These represent the first units producing e-fuels and RFNBO in commercial or near-commercial 

volumes in the EU. There are also some other hybrid processes (e.g., together with biofuel) that may 

contribute to additional volumes, but they are not investigated within this report. 

2.9 Technology costs 

The economic outlook for e-fuels in Europe is shaped by geography, technology pathways and cost, 

particularly for renewable electricity, followed by electrolyser costs. Projections to 2030 show that 

Southern Europe will be the most favorable region for production due to lower electricity prices. This 

section uses the technology costs published in 2024 by Concawe and Aramco in their report no 4/24 

(Soler et al., 2024), replacing the previous analysis referring to earlier studies (Yugo and Soler, 

2019; Soler et al., 2022; Schmidt et al., 2023). Figure 2 shows that the cost of e-fuels in 2030 will 

vary accross EU regions. E-ammonia and e-methanol are expected to be the cheapest e-fuels, with 

e-methanol costs estimated at €1.60 to €2.35 per litre of diesel equivalent. Fischer-Tropsch (FT) 

fuels will be the most expensive. Further cost reductions are forecasted in the coming years, driven 

by technological learning and economies of scale as global production expands.  

Figure 2. Costs of e-fuels produced in Europe by zone in 2030 (N: North EU, C: Central EU, S: South EU). Costs are per litre 
of diesel equivalent, which is the quantity of fuel needed to generate the energy contained in one litre of diesel fuel. 

 

Source: Concawe and Aramco report no 4/24, figure 28 of the report. 

The Concawe and Aramco report No. 4/24 also included estimates of e-fuels production costs in e-

fuel synthesis plants through 2050. The data is summarised in Table 3. Most synthesis plant capital 

expenditures (CAPEX) are expected to decrease by 30-35% between 2020 and 2050. For example, 

CAPEX for e-methanol and Methanol-to-Kerosene (e-MTK) plants are expected to decline by 34% 

and 35%, respectively. However, the analysis reveals a divergence. CAPEX for e-ammonia and FT 

synthesis plants is projected to increase by 1% and 17%, respectively, by 2050. This suggests that 

while cheaper hydrogen may reduce their production costs, the synthesis plants are not expected to 

experience the same cost benefits as other technologies. The future competitiveness of e-fuels will 
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therefore depend on both reducing electricity costs and overcoming these specific capital cost 

challenges. 

Table 3. E-fuel production costs: CAPEX and OMEX overview for e-fuel synthesis plants in Europe. 

E-fuel Year Capacity 
[MW, LHV]  

CAPEX 
[€/kW, 
LHV]  

CAPEX  
[million €]  

Fixed O&M:  
3% of CAPEX/yr  

Table where 
the source 
is available 
in the repo  

  
Note: the range reflects projected costs for 

North, Central and South-Europe 
  

Methanation plant  2020 1615-1796 792 1279-1422 3% of CAPEX/yr [Table 88] 

  2030 1615-1810 704 1137-1275 3% of CAPEX/yr  

  2050 1648-1844 541 892-998 3% of CAPEX/yr  

Methanol plant 2020 1606-1765 768 1234-1356 3% of CAPEX/yr [Table 97] 

 2030 1615-1776 672 194-1114 3% of CAPEX/yr  

 2050 1634-1800 500 817-900 3% of CAPEX/yr  

OME synthesis plant 2020 1594-1687 307 490-518 4.5% of CAPEX/yr [Table 107] 

  2030 1604-1707 269 431-459 4.5% of CAPEX/yr  

  2050 1609-1722 200 322-344 4.5% of CAPEX/yr  

MTG synthesis plant (valid 
also for diesel) 

2020 1603-1747 307 493-537 4.5% of CAPEX/yr [Table 116] 

  2030 1610-1770 269 433-476 4.5% of CAPEX/yr  

  2050 1627-1792 200 325-358 4.5% of CAPEX/yr  

MTK synthesis plant 2020 1603-1747 307 420 4.5% of CAPEX/yr [Table 116] 

  2030 1610-1770 269 368 4.5% of CAPEX/yr  

  2050 1627-1792 200 273 4.5% of CAPEX/yr  

Ammonia synthesis plant 2020 1620-1811 n/a 902-975 3% of CAPEX/yr [Table 121] 

  2030 1624-1820 n/a 903-978 3% of CAPEX/yr  

  2050 1653-1840 n/a 914-986 3% of CAPEX/yr  

FTK, FTD: FT synthesis plant   2020 1489-1526 1098-1099 1637-1678 3% of CAPEX/yr [Table 130] 

  2030 1488-1516 1098-1099 1635-1666 3% of CAPEX/yr [Table 131] 

  2050 1621-1789 1094-1097 1778-1958 3% of CAPEX/yr [Table 132] 

Source: Concawe and Aramco report No. 4/24. 

2.10 Public RD&I funding 

European public funding for renewable fuels of non-biological origin (RFNBO) supports a diverse 

ecosystem of early-stage innovation. This approach is designed to lay the foundation for later-stage 

commercial-scale projects, supported by private investment. The EU's Horizon 2020/Europe 

programmes have been instumental, with an investment of €200 million. Regarding the feedstocks 
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used for RFNBO production, 35 projects tested CO2 recovery, 3 projects used water in combination 

with sunlight, and 2 projects used air and water (as shown in Table 4).  

Table 4. Horizon 2020 and Horizon Europe projects on RFNBO. 

Project Acronym Project Title Feedstock Technology End-

product 

EU 

Contribution 

kilo € 

SUN-to-LIQUID SUNlight-to-LIQUID: Integrated solar-
thermochemical synthesis of liquid 
hydrocarbon fuels 

Sunlight, 
CO2 

CSP, FT Synthetic 
jet fuel 

4,451€  

FReSME From residual gasses to methanol CO2 from 
steel 

Sorption-enhanced 
water–gas shift 
(SEWGS) technology + 
water electrolysis + 
catalytic conversion 

methanol 11,407€  

eForFuel Fuels from electricity: de novo 
metabolic conversion of 
electrochemically produced 
 formate into hydrocarbons 

CO2 Electrobioreactor  Propane 
and 
isobutene 

4,117€  

KEROGREEN Production of Sustainable aircraft 
grade Kerosene from water and air, 
powered by Renewable Electricity, 
through the splitting of CO2, syngas 
formation, and Fischer-Tropsch 
synthesis. 

 CO2 Plasma dissociation 
of CO2 captured from 
air, oxygen separation 
via solid oxide 
membrane, FT 

biojet 4,951€  

CO2Fokus CO2 utilisation focused on market 
relevant dimethyl ether production, 
via 3D printed reactor and solid oxide 
cell-based technologies 

CO2 CO2 hydrogenation 
involving both 
catalytic chemical and 
electrochemical 
conversion 

DME 3,994€  

eCOCO2 Direct electrocatalytic conversion of 
CO2 into chemical energy carriers in a 
co-ionic membrane reactor  

CO2 electrochemical: 
multifunctional 
catalyst integrated in 
a co-ionic 
electrochemical cell 

synthetic 
jet fuel 

3,949€ 

C2Fuel Carbon Captured Fuel and Energy 
Carriers for an Intensified Steel Off-
Gases based Electricity Generation in 
a Smarter Industrial Ecosystem 

CO2 from 
steel 

electrochemical, 
several routes 

biodiesel, 
formic acid 

3,999€ 

COZMOS Efficient CO2 conversion over 
multisite zeolite-metal nanocatalysts 
to fuels and olefins 

CO2 from 
steel and 
refinery 

electrochemical: 
multisite zeolite-
metal nanocatalysts 

propane, 
propene 

3,997€ 

SELECTCO2 Selective electrochemical reduction 
of CO2 to high value chemicals 

CO2  Selective 
electrochemical 
reduction of CO2 to 
high value chemicals 

 

carbon 
monoxide, 
ethanol or 
ethylene 

3,772€ 

TAKE-OFF Production of synthetic renewable 
aviation fuel from CO2 and H2 

CO2 conversion of CO2 and 
H2 to SAF via ethylene 
as intermediate 

Aviation 
fuel 

4,998€ 

ECOFUEL Renewable Electricity-based, cyclic 
and economic production of Fuel 

CO2 electrochemical 
conversion of CO2 to 
transport fuels via 
light alkenes 

transport 
fuels 

4,858€ 



 

25 

Project Acronym Project Title Feedstock Technology End-

product 

EU 

Contribution 

kilo € 

METHASOL International cooperation for 
selective conversion of CO2 into 
METHAnol under SOLar light 

CO2 CO2 reduction via 
artificial 
photosynthesis with 
corresponding 
photocatalysts 

methanol 3,999€ 

NEFERTITI Innovative photocatalysts integrated 
in flow photoreactor systems for 
direct CO2 and H2O conversion into 
solar fuels  

CO2, H2O photocatalysis for 
CO2 and H2O 
conversion to alcohols 

Ethanol, 
longer 
chain 
alcohols 

3,844€ 

TELEGRAM TOWARD EFFICIENT 
ELECTROCHEMICAL GREEN AMMONIA 
CYCLE 

Air, water 
and 
renewable 
energy 

Electrochemical 
ammonia synthesis 
and direct ammonia 
fuel cell 

NH3 as 
energy 
carrier 

3,468€ 

LAURELIN Selective CO2 conversion to 
renewable methanol through 
innovative heterogeneous catalyst 
systems optimized for advanced 
hydrogenation technologies 
(microwave, plasma and magnetic 
induction). 

CO2 and H2 disruptive 
multifunctional 
catalyst systems for 
CO2 hydrogenation  

Renewable 
methanol 

4,448€ 

4AIRCRAFT Air Carbon Recycling for Aviation Fuel 
Technology 

CO2/H2 Novel multi catalyst 
reactor technology 
that combines 
electro-, chemo-, and 
bio-catalysts to 
provide a net-neutral 
carbon-based aviation 
fuel  

Jet fuel 
(C8-C16) 

2,239€ 

ORACLE Novel routes and catalysts for 
synthesis of ammonia as alternative 
renewable fuel 

N2/H2O plasma-aided electro 
catalytic and 
electrified thermal 
catalysis 

NH3 2,846€ 

UP-TO-ME Unmanned-Power-to-Methanol-
production 

CO2 from 
biogas and 
H2O 

3D printed methanol 
synthesis reactor 

renewable 
methanol 

2,997€ 

E-TANDEM Hybrid tandem catalytic conversion 
process towards higher oxygenate e-
fuels 

CO2 and 
H2O 

electro catalysis/solid 
thermocatalysis 

oxygenate 
e-fuels 

3,334€ 

SOREC2 SOlar Energy to power CO2 REduction 
towards C2 chemicals for energy 
storage 

CO2, H2O, 
sunlight 

Photo 
electrochemistry 
technology (PEC) 

ethanol or 
ethylene 

 3,084€ 

DARE2X Decentralised Ammonia production 
from Renewable Energy utilising 
novel sorption-enhanced plasma-
catalytic Power-to-X technology 

Air and H2O Water electrolysis + 
non-thermal plasma 
(sorption-enhanced 
plasma catalytic 
technology) 

Ammonia 2,952€ 

DESIRED Direct co-processing of CO2 and 
water to sustainable multicarbon 
energy products in novel 
photocatalytic reactor  

CO2, H2O, 
sunlight 

hybrid photo-
electrocatalysts 

C2+ solar 
fuels, 
methanol 
and 
methane 

3,058€ 
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Project Acronym Project Title Feedstock Technology End-

product 

EU 

Contribution 

kilo € 

ECO2fuel Large-scale low-temperature 
electrochemical CO2 conversion to 
sustainable liquid fuels 

CO2, water, 
electricity 

Innovative 
electrocatalytic CO2 at 
80 °C and 15 bar 

Liquid fuels 16,620€ 

FLEXnCONFU FLExibilize combined cycle power 
plant through power-to-X solutions 
using non-CONventional FUels 

 

CO2, water, 
electricity 

 

1MW scale power-to-
hydrogen-to-power 
system or ammonia 
to be in turn locally 
re-used in the same 
power plant to 
balance the load 

Hydrogen, 
ammonia 

9,887€ 

MefCO2 Synthesis of methanol from captured 
carbon dioxide using surplus 
electricity 

CO2, water, 
electricity 

 

methanol production 
with high CO2 
concentration 
streams and H2 as an 
input 

Methanol 8,622€ 

MegaSyn Megawatt scale co-electrolysis as 
syngas generation for e-fuels 
synthesis 

 

CO2, water, 
electricity 

 

First demonstration 
of mega-watt scale 
syngas production by 
co-electrolysis 
(SOECs) to e-fuels. 

Liquid fuels 4,999€ 

SUN-to-LIQUID II SUNlight-to-LIQUID: Integrated solar-
thermochemical synthesis of liquid 
hydrocarbon fuels 

 

H2O, CO2 
and solar 
energy 

Concentrated solar 
radiation drives a 
thermochemical redox 
cycle, which 
inherently operates at 
high temperatures 
and utilizes the full 
solar spectrum 

Liquid fuels 4,450€ 

ELCOREL Electrochemical Conversion of 
Renewable Electricity into Fuels and 
Chemicals 

CO2, water, 
electricity 

 

Electrochemical 
oxidation of water 
and electrochemical 
reduction of carbon 
dioxide based on the 
principles of quantum 
chemistry and 
innovative catalysts 

Fuel and 
chemicals 

3,616€ 

HELENIC-REF Hybrid Electric Energy Integrated 
Cluster concerning Renewable Fuels 

 

CO2, water, 
heat 

 

water thermolysis 
with innovative 
catalysts at 
temperatures below 
300°C 

Synthetic 
natural gas 

2,578€ 

Circlenergy  
Production of renewable methanol 
from captured emissions and 
renewable energy sources, for its 
utilisation for clean fuel production 
and green consumer goods 

CO2, water, 
electricity 

Innovative methanol 
production through 
CO2 capture with ISCC 
certified technology 

Methanol 1,827€ 

COFLeaf Fuel from sunlight: Covalent organic 
frameworks as integrated platforms 
for photocatalytic water splitting and 
CO2 reduction 

H2O, CO2 
and solar 
energy 

 

Artificial 
photosynthesis with 
polymeric 
photocatalysts based 
on covalent organic 
frameworks  

methane or 
methanol 

1,497€ 

ADVANC1-METH ADVANced engineering of C1 
metabolism towards METHanol-
based sustainable biotechnology 

CO2 and 
renewable 
hydrogen 

biotechnology methanol 2,000€ 
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Project Acronym Project Title Feedstock Technology End-

product 

EU 

Contribution 

kilo € 

Bac-To-Fuel BACterial conversion of CO2 and 
renewable H2 inTO bioFUELs 

CO2 and 
renewable 
hydrogen 

biotechnology Methanol, 
butanol 

3,468€ 

BERTHA-G Bertha G - better enzymes - than gas CO2 biotechnology Methanol 4,999€ 

DeCO-HVP Decouple Electrochemical Reduction 
of Carbon Dioxide to High Value 
Products 

CO2 Electrocatalytic 
reduction 

synthetic 
fuels 

171€ 

Echaea Scaling biological e-methanation as a 
Green Deal building block 

CO2 biotechnology methane 16,621€ 

ElectroGas New Technology for Efficient 
Electrochemical Production of 
Synthetic Natural Gas 

CO2 electrochemical methane 1,500€ 

IMPOWER2X INERATEC Modular Plants for 
Renewable Chemical Products 

CO2 electrochemical e-Diesel 
and e-
kerosene 

50€ 

NitroScission Electrochemical scission of dinitrogen 
under ambient conditions 

N2 electrochemical ammonia 9,887€ 

Source: TIM/CORDIS elaboration. 

These projects focused on foundational research, with the aim of reaching a maximum TRL of 5. A 

key theme is the technological diversity of the research. In addition to traditional methods, the 

projects are testing cutting-edge concepts such as photocatalysis, plasma dissociation, electro-

bioreactors, and artificial photosynthesis. The tested processes produce a range of outputs, 

including road, maritime, and synthetic jet fuels; methanol; methane, propane, and isobutene; 

ethanol; ethylene; and ammonia. These projects also aim to support the development of hydrogen 

and carbon capture technologies, in synergy with the production of RFNBO. It is worth mentioning 

the HORIZON-CL5-2024-D3-02-02 call that supported the development of next-generation, cost-

effective technologies for renewable synthetic fuels.  

As shown in Figure 3, Germany, Denmark and Norway received higher contributions related to the 

number of funded projects.  
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Figure 3. Public R&D financing at country level 2021. 

 
Source: JRC elaboration. 

• The European Innovation Council (EIC), under the Horizon Europe programme, provides 

substantial funding opportunities to support breakthrough innovators and foster the creation 

of new markets. In 2024, its work programme makes available over €1.2 billion in grants and 

investments for strategic technologies and scale-ups. Although the €1.72 billion figure seems 

slightly higher than the officially announced envelope, the EIC’s entire lifecycle budget (2021-

2027) amounts to €10.1 billion for game-changing innovation.  

The 2024 EIC funding is structured around three main pillars: 

• EIC Pathfinder: Designed to foster visionary, early-stage research (TRL 1–4), the 2025 

envelope amounts to approximately €262 million. Of this, €142 million is assigned to the 

Open strand (grants of up to €3 million) and €120 million to the Challenge strands (grants of 

up to €4 million, in selected thematic areas) 

• EIC Transition: Although detailed 2025 envelope figures are less prominently published, 

Transition remains the pathway to bring research outputs (e.g., from Pathfinder or ERC Proof-

of-Concept) to technology maturity, business case development, and early demonstration. 

(Note: the 2024 figure of approximately €94 million is no longer explicitly confirmed in 2025 

public summaries.) 

• EIC Accelerator: In 2025, the Accelerator has a total envelope of €634 million, split between 

Open calls and Challenge calls. Applicants can receive up to €2.5 million in grant funding, as 

well as equity investments of €0.5 million to €10 million through the EIC Fund. A significant 

new development in 2025 is the EIC STEP Scale Up scheme, offering €300 million in equity-

only funding (no grants) for scale-up stage projects, with investment amounts ranging from 

€10 million to €30 million. 

In addition to these three verticals, the EIC Fund operates as an equity/investment arm, acquiring 

minority stakes in portfolio ventures and crowding in private capital. It provides support in 

conjunction with Accelerator grants and is also linked to the future STEP scale-up instrument 

(designed to channel larger growth investments).  

In summary, the EIC offers a coherent funding framework, from early-stage research to 

commercialization, and RFNBO production pathway can potentially tap into all three instruments 
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(especially under relevant challenge topics). The major caveat is that funding volumes, eligibility 

conditions, and thematic priorities evolve year to year, so project proposals for RFNBO must be 

carefully adapted to the EIC’s evolving work programmes. 

The European Commission mainly funds upstream processes for CCS/CCU and hydrogen production 
through the Innovation Fund. To date, the Commission has launched several large-scale calls, but 

there are no specific projects based only on RFNBO production.  

2.11 Private RD&I funding 

For the purposes of this analysis, private equity (PE) involves investments in non-listed companies, 

while venture capital (VC) is a subset of PE focused on financing start-ups and small firms with high 

growth potential. The Early Stage indicator includes pre-venture and VC-backed firms in Pre-Seed, 

Seed, and Early-stage rounds, as well as public funding. These start-ups use financing mainly for 

operations and growth until they generate revenue, and this support is not considered R&I funding. 

The Later Stage indicator covers expansion investments in start-ups and large SMEs, including late-

stage VC, growth PE, small mergers and acquisitions (M&As), and large early-stage outliers. It 

excludes full PE acquisitions and public investments. Two company groups are considered: corporate 

firms, identified by active patenting among top EU R&D investors, and VC firms, selected for their 

technological focus rather than patents. Active companies are those that hold high-value patents, 

receive investment, or were founded during the reference period. 

Globally, venture capital and private equity (VC/PE) investment in RFNBO has surged, rising from 

very low levels between 2013 to 2018 to over €3.5 billion between 2019 and 2024 (as shown in 

Figure 4). Investment saw a 4.7-fold increase between 2023 and 2024, peaking at €1.83 billion in a 

single year. This surge was largely driven by one major deal for US-based e-fuel manufacturer 

Infinium, which raised €993 million. Figure 5 shows that the United States has consistently 

dominated the investment landscape, ranking first in both the 2013-2018 and 2019-2024 periods. 

The US also leads in early-stage investments (including pre-venture and seed funding), accounting 

for 46% of the global total between 2017 and 2022. However, the EU has established itself as a 

strong competitor, particularly in later-stage funding. Although the EU's share of early-stage 

investment was a modest 17.6% (mainly composed of grants), it captured a majority (52%) of 

global late-stage investment between 2017 and 2022. This is exemplified by large deals secured by 

companies such as Germany's Sunfire and the Netherlands' Tree Energy Solutions. Demonstrating 

this strength, the EU's overall share of global VC/PE investment grew to 41.9% in the 2022-2024 

period. 
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Figure 4. RFNBO VC/PE investment by region 2015-2024. 

 
Source: JRC elaboration. 

Figure 5. VC/PE investment in top 10 beneficiary countries. 

 
Source: JRC elaboration. 

2.12 Patenting trends 

RFNBO patents overlap with those analysed in the CETO report on advanced biofuels (Motola et al., 

2024), as most processes are common or are identical to those used for bio-derived processing 

technologies (e.g., FT-process). This means that the process does not change when using biogenic 

carbon (in the form of CO2/CO) as feedstock. The same consideration applies to novel patents 

arising from hydrogen production and carbon capture. 



 

31 

2.13 Scientific publication trends 

An analysis of scientific publications confirms Europe's role as a global leader in foundational 

research for renewable fuels of non-biological origin (RFNBO). This academic dominance provides a 

strong scientific basis for the continent's investment and development strategies. As shown in 

Figure 6, the EU ranked first in the world in terms of research volume and published the most 

articles per year between 2014 and 2024. Its output peaked at approximately 130 publications in 

2024, more than double that of China and four times that of the US. This represents a more than 

six-fold increase since 2017, demonstrating a sustained and growing focus on e-fuels research. In 

addition to quantity, EU research has a positive impact on the scientific literature: as shown in 

Figure 7, the EU also leads in number of citation.  

Figure 6. RFNBO publications 2014-2024. 

 

Source: JRC elaboration. 

Figure 7. Global RFNBO publications of highly cited articles 2014-2024. 

 
Source: JRC elaboration. 

Figure 8 shows that over the last decade, the EU has published 176 highly cited publications, 

representing 35% of the most important articles in this field worldwide. Specific research hubs are 

evident within the EU. Germany is the leader in publication volume with 174 articles. Italy, Denmark, 

and Finland stand out for their high citation rates, with Denmark and Finland seeing an impressive 

50% of their publications achieve highly cited status. Spain is also a major contributor to the 

volume of research.  
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Figure 8. EU countries RFNBO publications of highly cited articles 2014-2024. 

 
Source: JRC elaboration. 

The publication cluster shows a particular relationship between the EU and the RoW, with a 

connection also to the UK and Switzerland, as shown in Figure 9. This robust research activity is 

highly collaborative, with established publication networks linking EU Member States, and 

connecting the EU with global partners. 

Figure 9. RFNBO global publication cluster 2010-2022. 

 
Source: JRC elaboration. 

The EU level cluster highlights connections between Germany, Spain and Poland, and Italy with the 

Netherlands (Figure 10).  
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Figure 10. RFNBO European publication cluster 2010-2022. 

 
Source: JRC elaboration. 

2.14 Assessment of R&I project developments 

The main obstacles of the renewable fuels of non-biological origin (RFNBO) sector in the EU are the 

high cost of e-fuels, due to the expensive renewable electricity, and an insufficient supply of green 

hydrogen. The EU’s strong focus on electrification has historically limited the market for RFNBO in 

road transport (due to the EU regulation on “CO₂ emission performance standards for passengers 

cars and vans” (European Parliament and the Council of the European Union, 2023)), redirecting 

development efforts towards hard-to-abate sectors such as aviation and maritime. However, the 

2024 Draghi report (Draghi, 2024) has renewed interest in RFNBO in road transport, advocating a 

technology-neutral approach to decarbonisation, a pathway also promoted by some EU Member 

States. To clarify how the EU will promote the sector decarbonization, the EC will publish a report by 

the end of 2025 setting out the methodology for assessing and consistently reporting data on the 

full life-cycle CO2 emissions of passenger cars and light commercial vehicles placed on the EU 

market (European Parliament and the Council of the European Union, 2023).  

In addition to the binding targets of the RED III Directive, which establishe a minimum penetration 

of RFNBO in the transport sector, the RED III also requires RFNBO to account for at least 42% of 

hydrogen used in industry by 2030, increasing to 60% by 2035. Therefore, the sector is subject to 

increasing regulatory pressure. To overcome cost barriers, Europe is leveriging its public R&D 

portfolio. The Horizon 2020 and Europe programmes have played a key role in this regard, funding 

several projects based on promoting RFNBO technologies (discussed in section 2.10). In 2024, the 

study of DG RTD (European Commission: Directorate-General for Research and Innovation et al., 

2024) reports these highlights:  

• The European Technology and Innovation Platform (ETIP) on RFNBO is actively driving 

research and policy efforts to reduce production costs and address the main challenges 

hindering large-scale deployment. 
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• Several Member States, notably Germany, France, and the Netherlands, have launched 

dedicated national research programmes to accelerate the development and cost reduction 

of RFNBO technologies, with Germany currently leading in activity and funding.  

• Germany’s TÜV SÜD has also developed a blockchain-based certification system to trace 

the renewable energy used throughout the RFNBO production chain, ensuring transparency 

and reliability in sustainability claims. 

• At the European level, a number of EU-funded projects, such as KEROGREEN, CARE-O-SENE, 

and KEROSyN100, are advancing the development of more sustainable and cost-effective 

synthetic kerosene and its precursors.  

• Synthetic kerosene is a key pathway for producing sustainable aviation fuel (SAF), a priority 

area supported by revenues from the EU Emissions Trading System for aviation and 

forthcoming aviation fuel taxation mechanisms. These measures aim to fund R&I activities 

that enhance energy efficiency and reduces production costs. 

• Internationally, other major markets, including the United States, are also scaling up support 

for SAF production, creating opportunities for collaboration and technology exchange. 
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3 Value chain analysis 

3.1 Turnover and Gross Value Added 

Due to the current scale of RFNBO supply (projects or demonstration activities), this analysis cannot 
be performed yet. 

3.2 Environmental and socio-economic sustainability 

Renewable fuels of non-biological origin (RFNBO) are emerging as a key component of the EU's 

decarbonization strategy, particularly for the aviation and maritime sectors, with most production 

facilities currently at demonstration scale but expected to commercialized soon. A comprehensive 

sustainability assessment framework highlights their potential benefits and challenges in 

environmental, socio-economic, and governance dimensions. 

From an environmental perspective, RFNBO is vital for climate change mitigation, requiring at least 

70% greenhouse gas (GHG) emission reduction compared to fossil fuels. Crucially, the electricity 

used for their production must be of renewable origin to ensure these savings; using fossil 

electricity could result in higher emissions than fossil fuels. Bioenergy with Carbon Capture and 

Utilization (BECCU), which uses biogenic carbon, represents a promising pathway to achieving 

carbon neutrality in RFNBO production. While RFNBO combustion releases air pollutants such as 

carbon monoxide, hydrocarbons, and particulate matter, similar to fossil fuels, oxygenated fuels can 

reduce nitrogen oxides (NOx) and soot. NOx emissions contribute to acidification and photochemical 

ozone formation, although RFNBO generally has a lower acidification potential than fossil fuels due 

to the absence of SO2. 

Resource use is a key concern. RFNBO production itself has moderate demand for bulk materials, 

but the underlying renewable energy technologies (PV, wind) require significant quantities of Critical 

Raw Materials (CRMs), including platinum group metals, cobalt, nickel, and rare earths. Water 

consumption is substantial for hydrogen production via electrolysis, although saline water processes 

can mitigate competition for fresh water. Land use impacts are related to the infrastructure of 

photovoltaic and wind farms, which emphasizes the need for low-impact locations and the 

avoidance of agricultural land. RFNBO inherently avoid competition for food and feed. Resource 

efficiency and recycling efforts focus on the end-of-life management of photovoltaic panels and 

wind turbines, in compliance with regulations such as the Directive on waste electrical and 

electronic equipment (WEEE directive, 2012/19/EU). 

From a socioeconomic perspective, RFNBO enhance energy system resilience by reducing 

dependence on imported fossil fuels, diversifying energy sources, and acting as energy storage for 

excess renewable electricity. They contribute to socio-economic resilience by creating local jobs and 

new income opportunities, particularly in rural areas, and by promoting skills development and 

industrial growth. Direct risks of child labor, forced labor, discrimination, fair wages, working hours, 

and freedom of association are low in industrial RFNBO facilities, which are subject to national and 

international labor laws and EU directives like the Corporate Sustainability Due Diligence Directive 

(2024/1760). However, indirect risks exist in upstream critical mineral supply chains. Permitting 

requirements remain complex and lengthy, posing barriers to deployment, although efforts are 

underway to streamline procedures. Public acceptance largely depends on public perception of the 

associated renewable electricity generation (photovoltaic, wind), with potential concerns regarding 

land use and aesthetic impacts. 
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The sustainability of RFNBO in terms of environmental and socio-economic issues is closely linked 

to hydrogen and carbon dioxyide supply (from CCU). The process of converting these inputs into 

RFNBO consists in the last steps of large-scale infrastructure built for renewable hydrogen or CO2 

capture in relevant industrial environments (still under development). Therefore, the analysis cannot 

yet be performed.  

The different dimensions of sustainability of RFNBO are described in harmonized tables in the 

different CETO reports and attached as Annex 1 in this report. 

3.3 Role of EU companies 

The EU is actively developing the renewable fuels of non-biological origin (RFNBO) market, based on 
decarbonisation targets and a regulatory framework. 

Electrolysis is a key technology that aims to scale up electrolysers to gigawatt levels in order to 
reduce costs. There is a strong focus on hydrogen derivatives (e-fuels), such as e-ammonia and e-
methanol, to decarbonise hard-to-decarbonise sectors such as aviation and maritime transport. The 
market is moving towards deep integration of RFNBO production with new renewable energy 
projects (e.g., co-location of wind and solar power plants with electrolysers) to meet the strict EU 
criteria. Digitalisation and certification tools are key to trace the origin and sustainability of RFNBO 
throughout the value chain. 

Permits in the EU remain a significant and complex hurdle, varying depending on the Member State, 
project size, location and technology, and often involving multiple authorities. Infrastructure 
permitting for pipelines and storage further complicates the process. The EU is working to 
streamline this process through initiatives such as the Net-Zero Industry Act, which aims to 
accelerate the permitting of strategic net-zero emission technologies, including electrolysers and 
hydrogen-related infrastructure. 

The legal framework is enshrined in the Renewable Energy Directive (RED II) and RED III. Key 
principles include:  

• Additionality: Renewable electricity used for RFNBO must come from new renewable 

generation capacity that would not exist without RFNBO demand.  

• Time and geographical correlation: Electricity must be generated at the same time and in 

the same or adjacent geographical bidding zone with a stricter hourly balancing 

requirement from 2030.  

• Greenhouse gas emission savings: RFNBO must achieve at least 70% greenhouse gas 

emission savings compared to fossil fuel equivalents.  

• Certification schemes: Voluntary schemes (e.g., CertifHy, ISCC, REDcert) are recognised for 

compliance verification. 

As regards investment costs in the EU, rather high capital expenditure (CAPEX) for electrolysers, 
renewable energy infrastructure and related equipment is a major obstacle, with estimates of the 
need for basic hydrogen infrastructure by 2030 at €86-126 billion. Operating costs are primarily 
driven by electricity prices, making renewable hydrogen significantly more expensive than fossil fuel 
hydrogen due to volatility and high prices in many parts of the EU. Costs are expected to decrease 
due to economies of scale and technological improvements, but rising interest rates may offset 
these savings. 

The EU has put in place several mechanisms to reduce project risks and attract private capital. The 
European Hydrogen Bank provides a fixed premium (€/kg of hydrogen) through competitive auctions 
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to bridge the price gap between hydrogen from renewable sources and hydrogen from fossil fuels. 
The Innovation Fund, funded by the EU Emissions Trading System (ETS), offers grants for the 
demonstration and commercialisation of low-carbon technologies. Important Projects of Common 
European Interest (IPCEI) allow Member States to provide state support for large-scale cross-border 
RFNBO initiatives, unlocking significant public and private financing. Various national, regional and 
private funds are also increasingly targeting RFNBO projects, supported by a clear EU regulatory 
framework that provides long-term investment certainty. 

The market is still in its early stages, with many projects in development or before a final 

investment decision (FID). However, some EU companies are showing remarkable results based on 

their technology, project portfolio, strategic partnerships and early market entry.  

 

SMEs, or Small and Medium-sized Enterprises, in the RFNBO market 

SMEs are essential for innovation, decentralised production and specialised services throughout the 
value chain of the emerging RFNBO market. 

SMEs play a key role in the technology development and specialised manufacturing such as 
catalysts, electrolyser membranes and control systems. They often focus on decentralised hydrogen 
production, using smaller, modular electrolysers to produce hydrogen at the point of consumption 
for local industrial clusters or transport hubs. SMEs contribute to the downstream supply chain, 
offering services such as engineering, procurement and construction (EPC) for smaller projects, as 
well as maintenance and operation of hydrogen filling stations and local distribution networks. 

Precise quantitative data on the specific market share of SMEs in RFNBO are limited due to the 
evolving nature of the sector. SMEs are the backbone of the EU economy, representing 99% of all 
businesses and employing around 90 million people. Their transition to greener practices is crucial 
as they are responsible for a significant share of business CO2 emissions. A 2024 Eurobarometer 
survey showed SMEs strong commitment to the clean energy transition: 93% of EU SMEs are 
implementing resource efficiency measures, 25% have developed a strategy to reduce their carbon 
footprint and 12% are generating renewable energy on-site. In the electrolyser market SMEs are 
actively involved in the development and production of smaller modular systems (e.g., < 5 MW), 
which are essential for decentralised projects and early stages of hydrogen deployment. 

SMEs in the RFNBO sector face obstacles:  

• Access to capital: RFNBO projects are highly capital intensive and SMEs often struggle to 

secure financing from traditional institutions due to the inherently high risk and long payback 

periods. Furthermore, some EU funding programmes, such as the RFNBO Hydrogen Innovation 

Fund auction, have a minimum installed capacity of 5 MW, which can exclude many smaller 

SME projects. 

• Administrative and legal burden: SMEs often lack the internal resources to navigate the 

complex administrative and legal procedures of EU legislation and permitting, including 

meeting the stringent sustainability criteria of the RED II Directive and its delegated acts, 

which require detailed electricity traceability and time-based reconciliation.  

• Competitiveness: Small producers face difficulties in competing on price with large projects 

that benefit from economies of scale. High electricity prices in Europe exacerbate this 

problem. 

Despite the challenges, there are significant opportunities for SMEs in the RFNBO sector:  

https://www.bing.com/ck/a?!&&p=830b272893594df34617a109880bfbf19046a8b38ffc0e350619da39506f8f66JmltdHM9MTc1NzYzNTIwMA&ptn=3&ver=2&hsh=4&fclid=07aefe8d-a8e2-6382-372a-e894a9aa625e&psq=SMEs&u=a1aHR0cHM6Ly93d3cuaW52ZXN0b3BlZGlhLmNvbS90ZXJtcy9zL3NtYWxsYW5kbWlkc2l6ZWVudGVycHJpc2VzLmFzcA&ntb=1
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• Targeted financing: The EU provides specific support to SMEs through programmes such as 

InvestEU and the European Investment Fund (EIF), which offer guarantees and loans to 

facilitate green investments, help reduce project risk and attract private investors.  

• Hydrogen Valleys: The EU's focus on developing Hydrogen Valleys, local ecosystems linking 

production and consumption, creates an ideal environment for SMEs. These projects 

encourage collaboration, reduce infrastructure needs and allow SMEs to specialise in specific 

parts of the value chain.  

• Policy support: The EU is increasingly aware of the need to simplify processes for SMEs to 

ensure their participation in the green transition. Ongoing developments in the policy 

framework, including the Net Zero Emissions Act for Industry, aim to streamline permitting 

and provide targeted support, recognising the key role of SMEs in achieving decarbonisation 

goals. 

3.4 Employment 

Due to the current scale of RFNBO supply (projects or demonstration activities), this analysis cannot 
be performed yet. 

3.5 Energy intensity and labour productivity 

Due to the current scale of RFNBO supply (projects or demonstration activities), this analysis cannot 
be performed yet. 

3.6 EU production data 

The 2025 data confirms the trends discussed in this report in the previous sections: e-methane 

leads in capacity, while e-methanol and e-kerosene are making the first steps towards commercial 

scale-up. The year marks the beginning of the transition from R&D to actual production, but 

industrial volumes for most e-fuels are still a future prospect. Renewable Fuels of Non-Biological 

Origin (RFNBO) production in the EU in 2025 moves from demonstration to the very first stages of 

commercial-scale operation. The data provide a concrete, near-term view of actual and estimated 

production capacities.  
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4 EU market position and global competitiveness 

Given the current scale of RFNBO supply (projects or demonstration activities), this analysis cannot 
be yet carried out. 

4.1 Global markets and growth prospects 

A global analysis shows that, although the EU currently leads in renewable fuels of non-biological 

origin (RFNBO) development, international competition is accelerating as the market shifts from 

pilot projects to selective commercial-scale deployment. It is worth mentioning the eFuel Alliance 

observatory, which looks at some recent initiatives outside the EU (eFuel Alliance, 2025). The United 

States is advancing projects such as Infinium's "Roadrunner" in Texas, which aims to produce 

approximately 23,000 tonnes per year of e-SAF, e-diesel, and e-naphtha by 2027 (ET-Fuels, 2025), 

with other projects rapidly evolving (MRT, 2025). In the Middle East, Saudi Arabia's NEOM Green 

Hydrogen Project is set to become a force in the clean energy export market, with a target of 

producing 1.2 million tonnes of green ammonia annually starting in 2026 (eFuel Alliance, 2025). 

China has emerged as a leader in e-methanol production, with facilities such as the Shunli and 

Sailboat plants, developed with the expertise of Icelandic pioneer Carbon Recycling International 

(CRI), each producing over 100,000 tonnes per year (Carbon Recycling International, 2025a). CRI's 

own George Olah Plant in Iceland has been a successful industrial-scale example since 2012, using 

geothermal energy (Carbon Recycling International, 2025b). Summarizing, several ongoing 

initiatives are beginning demonstration activities and successfully establishing plants. Coupled with 

stable international policy mechanisms, such as mandates, offtake agreements, and bankable 

revenue models, these efforts will likely trigger a second wave of project pipelines. This new phase 

is expected to extend to countries in regions like Sub-Saharan Africa, which could become emerging 

export hubs to renewable-rich regions outside the EU. 

4.1.1 Current EU positioning in the global market 

The EU remains a world leader in setting policy mandates and regulatory frameworks for RFNBO 

and related projects developments. In addition, the EU already has solid certification schemes (such 

as ISCC and CertifHy) and is pioneer in setting stringent requirements that provide RFNBO producers 

with a clear pathway to meet minimum sustaianbility requirements. Non-EU countries are expected 

to align with the EU requirments to facilitate the market of these fuels.  

4.1.2 Market prospects 

The future scenario for RFNBO is modelled by JRC using in-house developed tools  developed tools. 

According to the JRC’s POTEnCIA1 modelling under the POTEnCIA CETO 2025 Scenario, RFNBO 

production in the EU faces a rapid increase from 2030 on (see Annex 2 for a detailed description of 

the scenario and the POTEnCIA model). The installed capacity of RFNBO synthesis processes scales 

up gradually, achieving 20 GW in 2040 and about 50 GW in 2050 (see Figure 11). Such uptake is 

mirrored by the RFNBO production, which reaches around 37 Mtoe in 2050, covering around 17% of 

final energy consumption in the transport sector (including international aviation and shipping).  

  

 
1 POTEnCIA (Policy Oriented Tool for Energy and Climate Change Impact Assessment) is a modelling tool developed by the JRC that allows a robust 

assessment of the impact of different policy futures on the EU energy system. The model and the scenarios are described in Annex 2. 
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Figure 11. RFNBO installed capacity (left) and production (right) in the EU under the POTEnCIA CETO 2024 Scenario, 
2025-2050. 

 
*FEC stands for Final Energy Consumption and includes energy consumption contributions from the whole transport sector, including 
international aviation and shipping. 

Source: POTEnCIA model. 

The POTEnCIA CETO 2025 Scenario, besides including a progressive decrease in GHG emissions 

leading to carbon neutrality in 2050, includes specific penetration targets for RFNBO, such as those 

defined by the Renewable Energy Directive or the ReFuelEU Aviation and FuelEU Maritime 

regulations. In addition to these levers, the growing consumption of synthetic fuels such as RFNBO 

in different energy sectors is also a result of direct competition with other alternative fuels (e.g. 

advanced biofuels), based on assumed techno-economic projections, to meet the overall GHG 

reduction target or sector specific targets (e.g., FuelEU Maritime reduction targets for GHG intensity 

of energy use on vessels). It is worth noting that RFNBO have very low GHG emissions levels 

compared to the other fuels and are fundamental contributors to achieving the emissions targets 

set by the EU Climate Law. 

More specifically, in aviation, the consumption of e-kerosene gradually increases to achieve almost 

17 Mtoe in 2050. In the maritime sector (including bunkers and domestic navigation), RFNBO 

demand is covered by e-ammonia and e-methanol, with ammonia being the predominant e-fuel, 

and to a much lesser extent by e-methane and e-diesel. The model incorporates the versatility of e-

methanol, not only as a fuel for the maritime sector, but also as a feedstock for chemicals 

production, replacing oil and natural gas products. Minor amounts of e-methane, e-diesel and e-

gasoline are consumed in other end-use sectors. Lastly, renewable hydrogen, beside of being used 

as a feedstock for the production of RFNBO, is also consumed in maritime, heavy duty vehicles and 

in industry both as an energy carrier and as a feedstock.  
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The POTEnCIA model explicitly considers the eligibility of renewable electricity sources for RFNBO 

production, which is limited to additional capacity beyond existing installations. Biogenic CO2 and 

CO2 from direct air capture are the CO2 sources considered for RFNBO production2.  

As regards worldwide production potential, POLES-JRC modelled the renewable e-fuels demand up 

to 2050 in the Global CETO 2°C scenario 2025, as shown in Figure 12. 

Figure 12. Global synfuel production (considering e-fuels only) under the Global CETO 2°C scenario 2025 of the POLES-
JRC model. 

 

Source: Global CETO 2°C scenario 2025 (POLES-JRC model). 

The role of e-fuels in the global energy system will be shaped by technological progress, cost 

dynamics, and decarbonisation targets, with their deployment particularly relevant in hard-to-abate 

sectors where direct electrification or efficiency measures are insufficient. In the Global CETO 2°C 

scenario 2025, hydrogen is the universal precursor to gaseous and liquid synfuels, as well as 

ammonia, supplied through a technology mix that combines fossil- and biomass-based production 

routes (with and without CCS) and electrolysis powered by solar, wind, nuclear, and grid electricity. 

Synfuels are produced exclusively using CO₂ captured via direct air capture (DAC), while ammonia is 

derived from hydrogen via conversion processes and can be re-cracked to hydrogen when required. 

In this framework, ammonia plays a dual role: it is primarily a hydrogen carrier in international trade 

across the 66 regions in POLES-JRC and is also used as a fuel in maritime transport. In contrast, 

only liquid synfuels are traded cross-border, while gaseous synfuels remain confined to domestic 

use in residential, industrial, and transport applications. Methanol is not represented in this version 

of the model. 

The temporal dynamics of e-fuel uptake show negligible contributions before 2035, as carbon 

prices do not yet trigger significant investments in renewable fuels of non-biological origin (RFNBO). 

However, once RFNBO deployment begins, growth accelerates sharply. According to the chart, global 

e-fuel production will reach around 40 Mtoe by 2040, split between ammonia (24 Mtoe), liquid 

synfuels (10 Mtoe), and gaseous synfuels (approximately 6 Mtoe). By 2045, the total will rise to 

about 80 Mtoe, with ammonia and liquid synfuels contributing almost equally. The fastest growth 

 
2 For a limited period of time, fossil CO2 captured from power plants and from specific industrial installations is also allowed as feedstock for RFNBO 

production, in particular until 2035 in the case of CO2 captured in power plants and until 2040 in the case of CO2 captured in specific industrial 
installations. 



 

42 

occurs between 2045 and 2050, when production will reach over 170 Mtoe in 2050. At this stage, 

liquid synfuels dominate, accounting for almost 100 Mtoe, with smaller increases of the other 

contributions. This trajectory highlights the importance of ammonia and liquid synfuels not only for 

international trade but also for decarbonising global transport and industry, while gaseous synfuels 

maintain a secondary but constant role.  

Figure 13 shows the annual new installations (5-year average) of various RFNBO technologies for 

the EU (left) compared to the global (right) market scenario. Particularly, the EU shows a rapid 

increase in number of plants, driven primarily by the FT-fuels, which will be the dominant 

technology in the future mix. At global level, the situation remains similar. 

Figure 13. Annual new installations - 5 year average: EU (left) and global (right). 

 

Source: POTEnCIA CETO 2025 Scenario (left), Global CETO 2°C scenario 2025 (right). 

Some differences between the two scenarios for this technology exist. The main reason is due to 

the difference in the underlying driving factors of the models:  

• The POTEnCIA CETO 2025 Scenario results, are driven by explicit targets defined by EU 

policies (e.g., ReFuelEU Aviation, which mandates the uptake of Sustainable Aviation Fuels). 

These policy mandates create a strong, dedicated demand signal for synthetic fuels. 

• In the Global CETO 2°C scenario 2025 the projections are driven by a simpler, entirely global 

economic framework: a single global carbon value (2°C scenario) and general global 

economic development. This approach relies on broad market signals rather than specific 

regulatory obligations, leading to much lower penetration of these higher-cost, non-

mandated technologies in the near term. 

In addition to these estimates, other studies have provided modelling exercises on the possible 

evolution of RFNBO under scenarios towards 2030 and beyond, such as the IEA “Net Zero by 2050” 

scenario (International Energy Agency (IEA), 2021), the study of Concawe in 2021 (Yugo et al., 

2021) and in 2025 (Leavens et al., 2025; Ramasary, 2025) and the recent DG RTD report 
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"Development of Outlook for the Necessary Means to Build Industrial Capacity for Drop-in Advanced 

Biofuels" (European Commission et al., 2024). Although there are differences in the models and 

assumptions used, all the studies reviewed agree that there will be a rapid market uptake of RFNBO 

in the coming years, particularly in a long-term scenario by 2050. The transition to a sustainable e-

fuels economy will require coordinated efforts between national governments, companies, and 

international organizations to ensure that production is ramped up sustainably and equitably, 

including collaborative efforts in developing infrastructures.  

Figure 14 illustrates the evolution of global overnight investment costs and cumulative installed 

capacity for gaseous and liquid synfuels under the Global CETO 2°C scenario 2025, based on 

calculations using the POLES-JRC model (see Annex 2 for methodological details). The updated 

chart incorporates the latest data and modelling refinements introduced in the 2024 version of the 

scenario, leading to significant changes in projected cost dynamics compared to the previous 

edition. 

Figure 14. Synfuels global overnight investment cost and gross capacity. 

 
Source: Global CETO 2°C scenario 2025 (JRC-POLES model). 

A sharp decline in investment costs is observed between 2025 and roughly 2035 (including a brief 

interruption), reflecting accelerated technological learning and cost reductions achieved through the 

large-scale deployment of synfuel technologies. During this period, global capacity progressively 

expands as production scales up in response to decreasing capital costs.  

After 2035, the downward trend in costs slows, and a divergence emerges between the two fuel 

types. Gaseous synfuel technologies continue to benefit from gradual learning effects, leading to 

sustained but moderate cost reductions. Liquid synfuels, on the other hand, experience a flattening 

of the cost decline and even a modest increase towards 2050. This increase is likely due to growing 

energy input requirements and infrastructure constraints linked to liquid fuel synthesis and 

distribution. The dotted lines indicate that production capacity will grow rapidly after 2040, 

exceeding 160 GW by 2050.  

The strong correlation between declining costs and increasing capacity highlights the role of 

cumulative deployment and endogenous learning in driving technology maturation. The updated 
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model captures this feedback more accurately by integrating more precise assumptions about 

Direct Air Capture (DAC), hydrogen production and transport, and electrolysis systems. These 

refinements enhance the representation of energy system interdependencies and cost spillovers 

across technologies.  

Overall, the updated scenario projects a future in which continued technological learning and scaling 

effects will make synfuels, both gaseous and liquid, an increasingly viable component of the global 

low-carbon transition, significantly contributing to deep decarbonization pathways consistent with 

the 2°C objective. 

 

4.2 Trade (Import/export) and trade balance 

So far, no trade has been recorded beyond demo-activities. 

4.3 Status of net zero technology systems and components in the EU 

The Net-Zero Industry Act (NZIA) (Regulation (EU) 2024/1735) (European Parliament and the Council 

of the European Union, 2024) entered into force in June 2024. It establishes the legal framework to 

strengthen the European net-zero emission technology manufacturing ecosystem. "Net-zero" refers 

to achieving a balance between the amount of greenhouse gas (GHG) emissions produced and the 

amount removed from the atmosphere. NZIA Article 3, paragraph (33) defines manufacturing 

capacity as “the total amount of output capacity of the net-zero technologies produced in a 

manufacturing project or, where a manufacturing project produces specific components or specific 

machinery primarily used for the production of such products rather than the final products 

themselves, the output capacity of the final products for which such components or specific 

machinery are produced.” 

The NZIA main objectives include ensuring a secure and sustainable supply of net-zero emissions 

technologies, increasing manufacturing capacity and supply chains, and strengthening the EU's 

resilience. The expected impact of the NZIA is to enhance the competitiveness of EU manufacturers, 

positively influence investment trends, and accelerate decarbonisation in the EU. The NZIA provides 

mechanisms, such as support for skills development, provisions for "Net-Zero Industry Valleys", and 

streamlined permit-granting processes for net-zero projects.  

 

4.3.1 Relevant final products and primarily used components 

The Net-Zero Industry Act (NZIA) (Regulation (EU) 2024/1735) takes a comprehensive supply chain 

approach, considering not only the final products of net-zero technologies but also the components 

primarily used in their production. The technologies are listed in the NZIA annex, which clarifies the 

scope of the twenty net-zero technologies (European Parliament and the Council of the European 

Union, 2025). The NZIA includes renewable fuels of non-biological origin technologies and, as final 

products, RFNBO plants and components that may be used for this scope (as shown in Table 5). 
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Table 5. Net-zero technology: renewable fuels of non-biological origin technologies. 

Net-zero 

technology 

  

Sub-categories of 

net-zero 

technologies 

Final products Components that are 

primarily used for net-

zero technologies 

Renewable fuels of 
non-biological 
origin 

Renewable fuels of 
non-biological 
origin (RFNBO) 
technologies  

• RFNBO plants • Reactors to convert H2 

and CO2 into syngas or 

alcohols 

• Reactors to convert 

syngas or alcohols into 

RFNBO  

• Catalysts, enzymes and 

microorganisms for 

RFNBO production 
Source: Commission Delegated Regulation (EU) 2025/1463 of 23 May 2025 amending Regulation (EU) 2024/1735 of the European 
Parliament and of the Council as regards the identification of sub-categories within net-zero technologies and the list of specific 
components used for those technologies. 

The Commission Delegated Regulation (EU) 2025/1463 establishes that the identification of 

components is based on an analysis of supply chains, considering criteria such as their specific 

nature, commercial availability, and wheather they are "always primarily used" for the 

manufacturing of net-zero technologies. This process involved consultation with experts, 

stakeholders, and Member States. Components not included may still fall within the scope of the 

Net-Zero Industry Act (NZIA) (Regulation (EU) 2024/1735) if, based on evidence provided to a 

competent national authority, the project developer can demonstrate (e.g., through market studies 

or offtake agreements) that the components are primarily used for the production of net zero 

technologies. 

A detailed description of the components that may be included in the scope of the NZIA for RFNBO 

technologies is provided below. 

• Reactors:  

For biofuels or fossil fuels, conversion facilities like biofuels plants or refineries use thermochemical 
reactors to convert bio- or fossil-feedstocks into valuable fuels. These reactors are typically made 
of stainleass steel or other metals, and operate at high pressures and temperatures. Reactors can 
also be biological, e.g., such as those for biogas, with simpler technological features and cheaper 
materials. Because these technologies are the same, it is not possible to identify reactors specific 
for RFNBO only. 

• Enzymes and microorganisms 

Enzymes synthesize fuels from organic molecular or from CO, CO2 and H2. They include specific, 

engineered molecules of high economic value, developed and patented for a scope/specific purpose. 

Some enzymes can be used for RFNBO production, but are not necessarily used exclusively used for 

this purpose (e.g., they can also produce biofuels or low carbon fuels depending on the origin of 

feedstocks). For instance, LanzaTech’s process relies mainly on CODH–ACS (carbon monoxide 

dehydrogenase/acetyl-CoA synthase complex), hydrogenases, and alcohol dehydrogenases within 

the Wood–Ljungdahl pathway. These enzymes allow C. autoethanogenum to convert CO/CO₂ + H₂ 

syngas into ethanol and other products. As regards microorganisms, to date there are no specific 

projects using them to produce RFNBO (only biofuels).  
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References: (Lee et al., 2024; Neto et al., 2024; Barone et al., 2025) 

• Catalysts 

Catalysts to produce RFNBO can be of various types and compositions. Generally they are solid and 
required in small quantities, and being composed of noble metals, they have a high cost. Noble 
metals can be supplied by different countries from both within and outside the EU-27. Boymans 
just released a comprehensive overview of various catalytic routes and catalysts for converting 
syngas into sustainable aviation fuel (SAF) (Boymans et al., 2025). It covers established pathways 
like Fischer-Tropsch synthesis (FTS), as well as emerging approaches such as direct syngas-to-jet 
(STJ), syngas-to-olefins-to-jet (STO), and alcohol-to-jet (ATJ) processes.  

The article discusses several types of catalysts used in the different syngas-to-jet fuel pathways: 

• Fischer-Tropsch (FT) Catalysts:Cobalt-based catalysts (e.g., Co/Al₂O₃ or Co/SiO₂) and iron-

based catalysts (e.g., Fe–Cu–K); Bifunctional catalysts that integrate FT and cracking functions 

in a single system; Core-shell catalysts with an FT-active core and a porous shell for shape 

selectivity. 

• Direct Syngas-to-Jet (STJ) Catalysts: Dual-bed systems with separate FT and hydroprocessing 

zones; Physically mixed catalysts with FT-active metals and acidic supports; Core-shell 

catalysts encapsulating FT-active metals within porous acidic shells; Bifunctional catalysts 

with FT-active metals dispersed on mesoporous zeolites or acidic oxides. 

• Syngas-to-Olefins (STO) Catalysts: Fe-based catalysts promoted with alkali metals (e.g., Na, 

K) for enhanced olefin selectivity; Cobalt carbide catalysts with unique nanoprism structures; 

Mixed oxide-zeolite composite catalysts for tandem CO hydrogenation and olefin synthesis. 

• Alcohol-to-Jet (ATJ) Catalysts: Rhodium-based catalysts with Fe or Mn promoters for ethanol 

synthesis; Non-noble metal catalysts like MoS₂ and Co-Cu systems for ethanol production; 

Acidic catalysts such as Al₂O₃, HZSM-5, and mesoporous silicas for ethanol dehydration. 

 

4.3.2 EU manufacturing benchmark 

Under Article 42 of the Net-Zero Industry Act (NZIA) (Regulation (EU) 2024/1735), the European 

Commission is responsible for continuously monitoring several aspects related to the Net-Zero 

Industry Act (NZIA). In particular, the Commission will monitor the EU’s progress towards achieving 

the benchmarks set out in Article 5, taking into account global market. The value or volume of EU 

imports and exports of net-zero technologies. The Commission is tasked with monitoring progress, 

while Member States collect and report relevant data every three years, starting from 15 March 

2027. 

The EU manufacturing benchmark analysis should be based on data on the EU manufacturing 

capacity of each primarily used component. However, the manufacturing processes for these are 

not exclusive to RFNBO and therefore the specific manufacturing capacity of companies in the EU to 

produce “primarly used components” (Table 5) is not available. To effectively identify future 

producers and production scale, it is crucial to address competition with other sectors (e.g., oil 

refining, biofuels, and the chemical industry). Consequently, specific supplier data—including 

component-coding systems and associated metadata fields (such as sector origin and final use)—

can be gathered to ensure complete traceability throughout the whole RFNBO supply chain. 

Trade (imports and exports) of primarly used components cannot be monitored because there are 

no export codes for the listed primarly used components.  
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Lastly there is the issue of converting the projected 2030 demand into the coresponding 

manufacturing production capacties of the primarily used components. Estimates of annual RFNBO 

production volume can be obtained from POTEnCIA modelling for instance. However the conversion 

factors to volumes of reactors or quantities of catalysts or enzymes stil need to be established. 

4.3.3 EU share in global manufacturing benchmark 

Data on the production capacity of companies in the EU to produce "primarily used components", as 

shown in Table 5, required for the operation of RFNBO plants, is not available. Therefore, it is not 

possible to determine in this report the EU's share in the global manufacturing benchmark. As 

proposed for the previous section, estimates on global demand of RFNBO components can be 

calculated by using data avaialble from POLES-JRC modelling.  

4.4 Resource efficiency and dependence in relation to EU competitiveness 

Given the early stage of market deployment, available data remain limited, preventing a 

comprehensive assessment. However, RFNBO production entails moderate use of bulk materials 

such as steel, aluminium and concrete for plants and pipelines, since consisting only in the last 

processing steps for e-fuels production once hydrogen and carbon dioxide/nitrogen are available. 

Noble metals and other high-cost materials are required for catalysts and high-performance alloys 

are used for reactors: in fuel synthesis, small amounts of catalysts (e.g. iron, cobalt, ruthenium) 

enable Fischer–Tropsch and methanol reactions under high temperatures and pressures, demanding 

corrosion- and hydrogen-resistant alloys (nickel–chromium steels, Inconel). To ensure sustainability 

and alignment with the EU Critical Raw Materials Act (CRMA) and responsible sourcing frameworks 

(OECD, Regulation (EU) 2017/821), each material and component should be labelled and traced 

according to its function and final use—distinguishing inputs shared with petrochemical or bio-

based industries. This approach supports circularity, responsible mineral sourcing, and the long-term 

resilience of the RFNBO value chain. Further information is provided in Annex 1 – Resource Use, 

Minerals and Metal. 
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5 Conclusions 

Renewable fuels of non-biological origin (RFNBO) are key to the decarbonisation of the EU economy 

and their role is specifically recognised in legislation aimed at decarbonising hard-to-abate sectors, 

such as aviation, maritime, and the chemical industry. RFNBO are fully drop-in fuels that can be 

integrated into the existing infrastructure with minor adaptations. Their production ramp up requires 

a rapid development of hydrogen and Carbon Capture and Utilisation (CCU) and Direct Air Capture 

(DAC) supply chains. 

Technology: current status and EU position 

Technologies for producing RFNBO have made progress in recent years, with Europe leading the 

way. The average Technology Readiness Level (TRL) for an integrated value chain for RFNBO 

conversion pathways is around 5-6, indicating an increasing level of technological maturity, expect 

for established processes from the chemical industry such as ammonia and alcohol production 

(specific technologies are already commercially available). Some other technologies are readily 

available from oil refining and can be retrofitted for RFNBO production by replacing  fossil with 

renewable hydrogen. Large-scale commercial deployment is, however, still limited. This is mainly 

due to high production costs, renewable energy requirements, renewable hydrogen cost and 

availability, CO2 cost and availability and the need for robust infrastructure. 

The EU is in a strong position, driven by supportive policies and industrial capabilities. Efforts are 

strongly focused on hydrogen derivatives like e-ammonia and e-methanol, which can decarbonise 

hard-to-abate sectors. EU companies are attracting a growing share of global venture capital and 

private equity investments in the RFNBO sector. Continued technological advances in electrolysis 

and carbon capture are key to scaling up production and reducing costs. 

Value Chains: current industry and future potential 

Although RFNBO are at an early stage of commercialisation, Europe has the key industries and 

expertise to create a robust supply chain. There is an opportunity to create new value chains based 

on the supply of renewable hydrogen and carbon capture, but their cost and availability present, at 

the same time, a threat. A key strength of RFNBO is the ability to use existing fuel infrastructure for 

distribution and use, as most of them are drop-in fuels. 

The EU is working to overcome obstacles, such as the high initial investment required for plant 

construction and the complex and lengthy permitting processes. It is simplifying processes through 

initiatives such as the Net-Zero Industry Act and promoting the integration of RFNBO production 

with new renewable energy projects to meet the EU’s strict sustainability criteria. The development 

of this new industry also creates job opportunities along the supply chain. 

Markets: prospects and challenges 

The potential market for RFNBO is considerable, driven by the need for sustainable solutions in 
hard-to-abate sectors like aviation and maritime transport. EU legislation, including the Renewable 
Energy Directive (RED II and RED III), sets binding targets for the use of RFNBO in these sectors. 
Energy system models predict a rapid increase in RFNBO production in the EU from 2025 as a 
source of renewable fuel for hard-to-abate transport sectors. Production is expected to scale up 
rapidly, reaching around 37 Mtoe by 2050 according to POTEnCIA’s modeling, representing a 
significant share of final energy consumption in the relevant sectors. 

Challenges remain, including achieving cost competitiveness with fossil fuels and building the 

complementary infrastructures to integrate renewable hydrogen supply and CCUS/DAC technologies. 
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The high energy intensity of RFNBO production means that scaling up this technology requires 

massive investments in renewable energy sources, but also electrolysers’ improvements in energy 

efficiency and costs. Other challenges include the limited availability and capacity of grid 

infrastructure to deliver renewable electricity where needed, the slow development of carbon 

capture and CO2 supply systems needed for e-fuels synthesis, and in particular Direct Air Capture, 

and competition with other markets for renewable electricity, renewable hydrogen and CO2. 

Overcoming these barriers will be critical for RFNBO to fully realise their market potential and play a 

key role in the Europe's decarbonisation strategy. 
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PEMEL/PEM Proton Exchange Membrane Electrolysis 

PMEL Polymer Electrolyte Membrane Electrolysis 

POLES-JRC Prospective Outlook on Long-term Energy Systems (JRC model) 

POTEnCIA 
Policy Oriented Tool for Energy and Climate Change Impact 

Assessment 

PtG Power-to-Gas 

PtL Power-to-Liquid 

PtX Power-to-X 

PV PhotoVoltaic 

RED / RED II / RED III Renewable Energy Directive (and subsequent revisions) 

RFNBO Renewable Fuel of Non-Biological Origin 

SAF Sustainable Aviation Fuel 

SMR Steam Methane Reforming 

SNG Synthetic Natural Gas 

SOEC/SOEL/SOC Solid Oxide Electrolyser / Cell 

TRL Technology Readiness Level 

VC Venture Capital 

WEEE Waste Electrical and Electronic Equipment Directive 

WTT Well-To-Tank 
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Annex 1 Sustainability Assessment Framework 

 

Sustainability 

aspect 

Technology assessment 

Market trend The renewable fuels of non-biological origin includes synthetic hydrocarbons-, alcohols- 

and ammonia-based fuels produced from hydrogen deriving from renewable energy 

(except biomass sources) and CO2. Most of the facilities for renewable fuels of non-

biological origin production are still at demo-scale, but their production is expected to be 

commercial soon and to contribute to the aviation and maritime transport (along to 

advanced biofuels), depending on the technology improvement and availability of 

hydrogen and nitrogen or carbon dioxide.   

Trade and 

trade balance 

 No data available 

Cost of energy  As presented in section 2.9 

Critical Raw 

Materials 

(CRMs) 

Critical raw materials needed for RFNBO technologies include platinum group metals 

(e.g., platinum, iridium), cobalt, nickel, rare earths used in renewable electricity 

technologies (batteries, wind turbines, solar PV and other metals (copper, manganese, 

aluminium). Critical raw materials are needed mostly for the production of PV and wind 

electricity. Solar cell manufacturing requires the use of silicon, silver, germanium, 

cadmium, tellurium, copper, indium, gallium and selenium. Critical raw materials such as 

neodymium, praseodymium, dysprosium, terbium and boron are essential to the 

permanent magnets used in the generators of wind turbines. Certain catalysts are 

needed in relatively small quantities in the fuel synthesis stage to enhance the yield of 

desired product or promoting various reactions in fuel synthesis, gas shift reactions, 

cracking reactions, etc. 

Technology-

specific 

permitting 

requirements 

The rules for permitting are very complex and lengthy and represent important barriers 

for renewable energy deployment and include environmental and building permits. The 

duration, complexity and the steps for the permit-granting procedures greatly varies 

between the different renewable energy technologies and between Member States. A 

Commission recommendation was adopted in May 2022 for accelerating permitting for 

renewable energy projects to ensure that projects are approved in a simpler and faster 

way (max two years, for projects outside renewables go-to areas), streamlining the 

different steps of the permit-granting processes and providing a specific framework for 

permit-granting procedures.  

To ensure that renewable fuels of non-biological origin contribute to greenhouse gas 

reduction, the electricity used for the fuel production should be of renewable origin. The 

Commission published a specific delegated act setting the rules for counting electricity 

as renewable. The methodology ensures that there is a temporal and geographical 

correlation between the electricity production unit and the fuel production. Given the 

enormous amount of additional renewable electricity generation needed, the production 

of renewable fuels of non-biological origin should incentivise the deployment of new 

renewable electricity generation capacity (principle of additionality).  
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The economic operator has to provide evidence or data on the production of renewable 

liquid and gaseous transport fuel of non-biological origin and the electricity used, 

obtained in accordance with a voluntary national, or international schemes, setting 

standards to produce biofuels, or other fuels. Economic operators producing renewable 

fuels on non-biological origin shall provide evidence on the temporal and geographical 

correlation between the electricity production unit and the fuel production, as well as on 

the additionally of renewable electricity generation.  

Skills and 

technology 

development 

Renewable fuels of non-biological origin production stimulate skills and technology 

development by creating demand for technical expertise in cross-sectorial areas. The 

production of renewable fuels of non-biological origin entails high technology level that 

can act as a driver for knowledge transfer, capacity-building and innovation, especially in 

rural or developing regions. They production provides job opportunities along the supply 

chain, including skilled labour in the production of hydrogen from PV and wind electricity 

and on the synthesis of the fuels that can be a driver for industrial development in rural 

areas.  

Resilience Energy System Resilience: Renewable fuels of non-biological origin will rely mostly on 

the local solar and wind resources, contribute to reducing the need for imported fossil 

fuels, reducing dependency on fossil fuels and imported fuels and contribute to energy 

diversification and energy security. They rely on short supply chains, as well as improve 

EU energy security and resilience. Renewable fuels of non-biological origin can play a 

key role in the transition, acting as energy storage solution of the excess renewable 

electricity, balancing the electricity grid and producing renewable fuels for the 

decarbonisation of transport on short term.  

Climate Resilience: Renewable fuels of non-biological origin can reduce significantly 

greenhouse gas emissions from transport, thereby mitigating climate change, a key 

driver of societal vulnerability. Renewable fuels of non-biological origin are one of the 

few options available nowadays for decarbonizing aviation and maritime sectors. The 

production of renewable fuels of non-biological origin requires a carbon source that can 

be provided, on short term, from concentrated sources (flue gas from combustion plants, 

from alcohol fermentation, from biogas upgrading to biomethane, etc.) or through Direct 

Air Capture. Bioenergy with Carbon Capture and Utilisation (BECCU) for the production of 

renewable fuels of non-biological origin using biogenic carbon is a promising option for 

achieving carbon neutrality. However, the production of renewable fuels of non-

biological origin depends on the availability of abundant renewable and low carbon 

electricity. 

Socio-Economic Resilience: Renewable fuels of non-biological origin can create local jobs 

and new income-generating opportunities in rural areas. This contributes to enhancing 

economic conditions of rural communities by supporting economic activities and 

economic growth, strengthening economic resilience of local communities. By enhancing 

economic conditions, renewable fuels of non-biological origin contribute to improved 

infrastructure and local investments providing new energy services at local level. 

Resource 

efficiency and 

recycling 

Resource efficiency is a major goal of the EU to develop a resource-efficient, low-carbon 

economy and to achieve sustainable growth and to decouple economic growth from 

resource and energy use. From this perspective, the most important aspects for the 

renewable fuels of non-biological origin relates to the treatment of end-of-life recycling 

of the PV panels and wind turbines. The majority of the components of a wind turbine 
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are easy to recycle because they are made of metallic parts. The wind turbine blades are 

the components that are difficult to deal with in line with principles of sustainability and 

circularity, because they are made of composite materials, as well as secondary 

materials like glues, paints and metals. Treatment of end-of-life PV modules must 

comply the Waste Electrical and Electronic Equipment Directive (WEEE) Directive. WEEE 

defines the minimum proper treatment for the end-of-life equipment and sets the legal 

rules and obligation for collecting and recycling photovoltaic panels in the EU, including 

setting minimum collection and recovery targets. Several components are separated and 

recovered. Several sustainability aspects are being addressed in the framework Eco-

design quantifying the environmental performance of PV technologies. 

Energy balance The energy balance and the energy expended ratio of renewable fuels of non-biological 

origin depend on the individual pathway and the final fuel. JRC performed the balance of 

the energy expended in different renewable fuels of non-biological origin pathways, in 

line with RED provisions, without accounting for the contributions related to plant 

construction, decommissioning and maintenance. The energy expended ratio is given for 

a selection of pathways as shown below. 

 
 

Climate change According to RED, the greenhouse gas emissions savings from the use of renewable 

liquid and gaseous transport fuels of non-biological origin shall be at least 70 % 

compared to the fossil fuel comparator (94 gCO2e/MJ). During 2023, the Commission 

published a specific delegated act setting a specific methodology to calculate the GHG 

emissions for RFNBO, therefore the carbon intensity of such fuels (in terms of actual 

values) can be calculated by the stakeholders. To certify such fuels for trade and 

legislation targets, the EC recently pre-approved specific voluntary schemes covering the 

certification of the whole supply chain. Some calculations of the GHG emissions has 

been performed by the JRC for a large number of for renewable fuels of non biological 

origin pathways. The GHG emissions for a selection of relevant pathways is presented 

below. 
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Thus,the greenhouse gas emissions savings from the use of renewable liquid and 

gaseous transport fuels of non-biological origin can be significant if renewable electricity 

is used for their production, if assuming carbon footprint of electricity is zero, in line with 

RED provisions.If fossil electricity is used instead, their greenhouse gas emissions could 

be even higher than the fossil fuels. 

Ozone 

depletion 

Renewable liquid and gaseous transport fuels of non-biological origin do not directly 

deplete the ozone layer, since they contain and not release CFCs or halons. RFNBO 

combustion release mainly CO₂ hydrocarbons and some nitrogen oxides NOx. These do 

not contain ozone-depleting substances. The main potential concern lies in hydrogen 

leakage, which could indirectly influence stratospheric ozone chemistry by altering 

methane and water vapor cycles, indirectly affecting stratospheric ozone. 

Particulate 

matter/Respira

tory inorganics 

Air pollutants such as carbon monoxide, nitrogen oxides, hydrocarbons and particulate 

matter are major exhaust emissions from fossil fuels combustion in vehicles. Excessive 

exposure to these pollutants can have significant impact on human health. The 

combustion of renewable fuels of non-biological origin also produces emissions in the 

form of carbon monoxide, hydrocarbons and particulates. However, the emissions from 

renewable fuels of non-biological origin and their impact on air quality depend on the 

type of fuel, related to the wide variability of fuels that can be produced. Renewable 

fuels of non-biological origin in the form of drop-in fuels (i.e. e-diesel or e-gasoline) 

have the same chemical structure and thus the same air emissions like the fossil fuels. 

Oxygenated fuels (such as alcohols) produce lower nitrogen oxides and soot emissions 

than fossil fuels. Biodiesel combustion results in lower gaseous pollutants hydrocarbons, 

aromatic hydrocarbons, carbon, and sulphur emissions and slightly higher amounts of 

nitrogen oxides relative to petroleum diesel. In the case of ammonia, soot emissions are 

reduced significantly due to the lack of carbon in the fuel molecule, while the NOx 

emissions increase significantly due to the fuel-bound nitrogen compared to the fossil 

fuel.  

Air emissions with impacts on air quality could also come from the production of PV 

panels or wind blades and accidental releases of toxic gases and particulates could 

affect occupational health. Air emissions with impacts on air quality might also appear 

at waste processing from decommissioning of the PV and wind plants. Accidental 

releases of toxic gases and vapours can be prevented by minimizing wastes produced 

during the processes through choosing safer technologies, processes and less toxic 

materials. 

Ionising 

radiation, 

human health 

Renewable fuels of non-biological origin do not generate ionising radiation in their 

production, conversion, or use. 

Photochemical 

ozone 

formation 

Photochemical ozone formation from renewable fuels of non-biological origin is linked to 

the release of ozone precursors (nitrogen oxides NOₓ, carbon monoxide CO, methane CH₄ 

and volatile organic compounds VOCs) from their combustion. When these compounds 

are emitted into the atmosphere, they can react under sunlight to produce ground-level 

ozone, which is harmful to human health and vegetation. Leaked hydrogen, reacts with 

hydroxyl radicals (OH), leading to longer lifetimes of ozone precursors, potentially 

increasing ozone formation indirectly. 
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Acidification Renewable fuels of non-biological origin can contribute to acidification, mainly through 

the air emissions (NOx) that subsequently transform into acids that deposit on soil. 

Compared to fossil fuels, RFNBO usually emit no SO₂ through their combustion, but still 

release NOₓ. Therefore, the acidification potential is therefore lower than fossil fuels, but 

not zero due to NOx. Acidification impacts mainly come from combustion or from 

upstream electricity generation, if it is not fully renewable. 

Eutrophication, 

terrestrial 

Terrestrial eutrophication from renewable fuels of non-biological origin arises when air 

emissions such as NOₓ from their use. These emissions cause nitrogen deposition on 

soils, contributing to terrestrial eutrophication. Renewable fuels of non-biological origin 

have however lower eutrophication potential than fossil fuels as no SO₂ is released 

through their combustion,  

Eutrophication, 

aquatic 

freshwater 

Aquatic eutrophication in freshwater ecosystems (rivers, lakes) can occur from the 

runoff and leaching of nitrates and phosphates from crop cultivation, leading to nutrient 

enrichment of rivers and lakes. Renewable fuels of non-biological origin produce NOx, 

but these contribute mainly to air deposition, not directly to freshwater eutrophication. 

Some small impacts can come from upstream chemical processes (e.g., CO₂ capture 

solvents, electrolyzer materials, water use/treatment).  

Eutrophication, 

aquatic marine 

Aquatic eutrophication (coastal waters) can arise from the runoff and leaching of 

nitrates and phosphates from crop cultivation, leading to nutrient enrichment of coastal 

waters. Renewable fuels of non-biological origin produce NOx, but these contribute 

mainly to air deposition, not directly to coastal waters' eutrophication. Some small 

impacts can come from upstream chemical processes (e.g., CO₂ capture solvents, 

electrolyze materials, water use/treatment) carrying out nutrients through rivers. 

Land use The production of renewable fuels of non-biological origin generally relies on the 

production of renewable electricity (with the exemption of biomass electricity). The land 

use impact is given by the land used for various renewable electricity sources (PV, wind, 

hydro, geothermal) and the land use for fuel processing plants, which migh have limited 

impact. The use of good quality agricultural land for PV producrion might be an issue in 

some EU Member States, depending on the local norms and the enforcement of the local 

legiclation with regard to land use and land use changes. 

Water use Water consumption is of high interest in relation to the environmental sustainability of 

renewable fuels of non-biological origin. Hydrogen production via electrolysis generally 

requires water availability which should not impact on the existing uses for industry, 

agriculture and local population. However, some processes might be developed to use 

saline water and thus avoiding the competition for water use. 

Water is needed for the production of renewable electricity (solar, wind, hydro, 

geothermal). A large proportion of life cycle water use is required for the manufacturing 

and construction of solar photovoltaic, wind power and geothermal facilities. Operational 

water for PV and wind is mainly used for cleaning purposes. Water consumption for 

hydropower production mostly relates to the water losses through evaporation in 

hydropower reservoirs that can be important, depending on the plant, location etc. In 

run-of-river plants, water is immediately available downstrea,m without the losses 

through evaporation. Water required in the other energy systems is that typically used 
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for their construction, and no longer available.Water consumption for renewable 

electricity generation varies between wide margins:  

-Wind: 0.004 (0 – 0.04) m3 / MWh 

-Solar: 0.329 (0.042-0.893) m3 / MWh 

-Hydro: 17 (5-68) m3 / MWh 

-Geothermal flash technology: 0.05 (0.019 - 1.364) m3 / MWh 

Water is needed in the first steps of hydrogen production. Much less water is needed in 

the fuel synthesis steps downstream. The stoichiometric amount of water required to 

extract one kilogram of hydrogen via water electrolysis amounts to 8.92 litres. 

Experimental data show that Solid Oxide Cell (SOEC) and alkaline water (AEL) and 

Polymer Electrolyte Membrane electrolysers (PEM) require 9.1 l / kg hydrogen, 10 l / kg 

and 10.7 l / kg respectively. Some Direct Air Capture (DAC) plants can extract water from 

air during operation, producing water, estimated at 1 l water per kg of carbon dioxide 

captured or about 3.8 l water per kg of fuel produced.  

The results show that the water consumed over the lifecycle of hydrogen production can 

be significantly higher than the water employed for electrolysis alone. On a LCA basis, 

the water consumption for hydrogen varies between 11.7 -19.8 l / kg H2 (for SMR 

process) to 30.3 l/ kg H2 for electrolysis.  

Water consumption for renewable fuels of non-biological origin can vary widely:  

e-diesel from wind electricity and DAC via FT: 0.3 - 3.6 l / kg 

e-diesel from PV electricity and DAC via FT: (-0.8) – 2.5 l / kg 

e-kerosene from wind electricity and DAC via FT: 5.0 – 8.0 l / kg 

e- kerosene from PV electricity and DAC via FT: 3.1 – 6.4 l / kg.  

Resource use, 

minerals and 

metals 

The use of minerals and metals for RFNBO is moderate, consisting in bulk materials 

(steel, aluminum, concrete). RFNBO avoid fossil resource extraction, but require higher 

demand for metals and minerals, especially critical raw materials. Common materials 

minerals and metals for RFNBO manufacturing systems include stainless steels and 

nickel–chromium alloys for operation reactors, depending on operating conditions 

(pressure, temperature) and working environment. Materials with higher temperature 

capabilities are necessary for fuel synthesis. The choice of materials takes into account 

characteristics at high temperature, corrosion due to various impurities, water vapour 

oxidation, hydrogen embrittlement etc. Certain catalysts are needed in relatively small 

quantities in the fuel synthesis to enhance the yield of desired product or promoting 

various reactions in fuel synthesis, gas shift reactions, cracking reactions, etc.  

Solar panel manufacturing requires the use of silicon, silver, germanium, cadmium, 

tellurium, copper, indium, gallium and selenium. Metals such as steel, copper, and 

aluminium account for most part of a wind turbine. There are various materials for the 

manufacture of wind turbine blades such as metals, fiberglass reinforced composite, 

carbon fibre reinforced polymers, natural fibre reinforced polymers or nanocomposites. 

Some materials such as neodymium, praseodymium, dysprosium, terbium and boron are 

essential to the permanent magnets used in the generators of wind turbines. 
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Resource use, 

energy carriers 

RFNBO production requires fossil energy carriers (diesel, natural gas, electricity) along 

the supply chain to produce renewable electricity, hydrogen and carbon capture. The 

production of RFNBO avoids fossil fuel extraction but consume much larger quantities of 

electricity per unit of useful fuel. In the conversion stage, RFNBO require electricity for 

pumps, stirring and upgrading as well as heat for chemical processes. The energy losses 

in their production cycle (mostly for hydrogen production) make them less efficient than 

direct electrification.  

Biodiversity RED requires that the electricity used for the production of renewable fuels of non-

biological origin should be of renewable origin, to ensure they contribute to greenhouse 

gas reduction. Potential impacts on ecosystem and biodiversity can be also related to 

the infrastructures of the renewable electricity plants, which should be located in 

dedicated areas at low impact.  

Child labour Child labour in the context of renewable fuels of non-biological origin is not a concern 

about the fuels production stages, but about upstream supply chains for the supply of 

technologies and materials needed. RFNBO production (electrolysis, CO₂ capture, fuel 

synthesis) usually occurs in industrial facilities with strict labour standards, so the direct 

risk of child labour is negligible. Unlike traditional biofuels, RFNBO do not involve 

agricultural feedstocks, where child labour risks are higher. Indirect risks exist in the 

upstream supply chains for critical minerals (e.g., cobalt, rare earths) used in renewable 

electricity and electrolyzer technologies. 

In the EU, the Corporate Sustainability Due Diligence Directive 2024/1760 explicitly 

prohibits child labour along the whole supply chains. The directive aligns with 

international human rights and labour standards. ILO Conventions include provisions on 

child labour (No. 138 on minimum age and No. 182 on worst forms of child labour).  

Forced labour The direct risk for forced labour in renewable fuels of non-biological origin production is 

low, but supply chain risks exist. Forced labour concerns are more likely in the supply 

chains of critical raw materials and solar PV supply chains. Mining in some countries has 

labour rights concerns (mostly on cobalt mining). The EU Corporate Sustainability Due 

Diligence Directive 2024/1760 explicitly requires companies to identify and mitigate 

forced labour in their supply chains. It complements Forced Labour Regulation (EU) 

2024/3015, which prohibits placing products made with forced labour on the EU market. 

ILO Forced Labour Convention (No. 29) and Protocol (2014) set the global standard 

prohibiting forced labour.  

Equal 

opportunities/d

iscrimination 

The production of renewable fuels of non-biological origin occurs in industrial plants that 

are generally subject to national and international laws and EU directives prohibiting 

discrimination based on different grounds. The risks for equal opportunities and 

discrimination are not a concern about the fuels production stages, but about upstream 

supply chains for the technologies and materials needed linked to mining and refining of 

critical raw materials (rare earths, cobalt, nickel, platinum group metals):  

There are several international labour standards (ILO Conventions, UN Guiding Principles 

on Business and Human Rights) that apply to RFNBO production, prohibiting 

discrimination based on gender, ethnicity, religion, disability, political opinion, sexual 

orientation, or union membership. Directive (EU) 2024/1760 integrates equal 

opportunities and anti-discrimination into corporate due diligence, safeguarding broader 
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worker rights covered by the ILO’s fundamental principles, enhancing protections in 

areas like freedom from discrimination, decent work, and equality. 

Freedom of 

association 

and collective 

bargaining 

Renewable fuels of non-biological origin production occurs in industrial plants where 

workers have the right to form and join trade unions (freedom of association) and 

collective bargaining, allowing negotiations on wages and hours and working conditions. 

Some risks exist in mining and manufacturing of critical materials, where the Freedom 

of association and collective bargaining might be an issue. ILO Conventions established 

that workers in the value chain must be free to unionize, organize, and negotiate 

collectively without discrimination or retaliation. The CSDDD Directive (EU) 2024/1760 

reinforced the bargaining rights through binding obligations for large companies, 

drawing on established international legal instruments and complementing several EU 

Directives.  

Working hours Renewable fuels of non-biological origin production occur in industrial facilities 

(electrolysis plants, CO₂ capture, synthetic fuel synthesis) where typical working hours 

are governed by national labour laws. Overall, the risk of excessive working hours is low 

in RFNBO production, especially compared with sectors like mining or agriculture. The 

main risks regarding working hours come from upstream material supply chains, 

particularly in mining of critical raw materials or manufacturing of renewable electricity 

infrastructure (solar PV, wind turbines). ILO conventions set standards for working hours 

and overtime, with the widely recognized limit being 48 hours per week plus up to 12 

hours of overtime, with at least one day of rest. The Working Time Directive 

(2003/88/EC) includes provisions on working hours. 

Fair salary A fair salary is one of the key social sustainability aspects. The renewable fuels of non-

biological origin industrial facilities are generally located in regulated countries, offering 

more formal, stable jobs with higher wages compared to agricultural work. RFNBO 

production poses low risk for unfair salary, while higher risks exist in the supply chain, in 

the mining and manufacturing, where low wages or unfair pay might occur. ILO 

conventions set the basis for fair wages and equal pay for equal work, with the 

Minimum Wage Fixing Convention, ILO Equal Remuneration Convention, supported by 

other conventions on wage protection, inspections, and forced labour. 

Health and 

safety 

Health and safety risks occur along the entire value chain - from renewable electricity 

production to the, to conversion facilities, transport and final energy use. Risks in the 

value chain occur at renewable electricity production sites and conversion (exposure to 

chemicals, fire and explosion hazards and accidents), transport and logistics (road safety 

risks, etc.).  

Air emissions with impacts on air quality could also come from the production of PV 

panels or wind blades and accidental releases of toxic gases and particulates could 

affect occupational health. Air emissions with impacts on air quality might also appear 

at waste processing from decommissioning of the PV and wind plants. Accidental 

releases of toxic gases and vapours can be prevented by minimizing wastes produced 

during the processes through choosing safer technologies, processes and less toxic 

materials. Soil health may be impacted by the wastewater resulted from the cleaning of 

the surface of the PV panels or from the waste processing and landfilling resulted from 

decommissioning PV or wind plants. Additional risks occur at the end use due to the 

emissions from fuel use (nitrogen oxides (NOx), carbon monoxide (CO), particulate 
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matter (PM), and other hazardous air pollutants) that can impact local air quality and 

pose human health hazards.  

Responsible 

material 

sourcing 

Responsible sourcing has become a topic of interest to address sustainability risks in the 

global mineral supply chains. Several responsible sourcing initiatives exist for various 

materials, most of them aligned with the OECD guidance for responsible supply chains 

of minerals from conflict-affected and high-risk areas. The OECD Guidance focuses on 

issues of human rights, forced and child labour, occupational health and safety, human 

well-being, legality of operations and payment of taxes. EU Regulation (EU) 2017/821 

established the requirements for supply chain due diligence obligations for materials 

originating from conflict-affected and high-risk areas. Responsible consumption and 

production is addressed by the SDG 12 Ensure sustainable consumption and production 

patterns that aims to ensure responsible consumption and production patterns in the 

world, by ensuring the efficient and sustainable use of natural resources. 

Some companies have taken voluntary commitment for responsible sourcing into 

account social and environmental considerations in their supply chains and their 

products. Sustainability assessment, using a variety of standards and frameworks, has 

also become a more common practice at the corporate level and plays a prominent role 

for responsible sourcing. 

Competition 

for material 

resources, 

(incl. Water, 

land, food) and 

indigenous 

right 

Renewable fuels of non-biological origin avoid the competition for food and feed and 

negative impacts on food security. Food security, according to FAO has multiple 

dimensions: availability, accessibility, stability and utilization. Through positive impacts 

on local economy and additional income, the production of the renewable fuels of non-

biological origin contributes to enhanced economic conditions of rural communities, new 

job opportunities, increasing overall food availability, food accessibility and affordability.  

The production of renewable fuels of non-biological origin generally requires renewable 

electricity and thus the land use impact is limited to the land use for various renewable 

electricity sources and the land use for fuel processing plants. Hydrogen production via 

electrolysis generally requires freshwater which might compete with the use for 

industry, agriculture systems and local population. However, some processes might be 

developed to use saline water and thus avoiding the competition for water use. Water 

use for the production of renewable electricity or for the fuel synthesis steps is reduced 

with little expected competition with other uses. The competition with other local 

resources is therefore limited. 

Contribution to 

economic 

development 

(including 

employment) 

The production of renewable fuels of non-biological origin can make significant contributions to 

economic development, particularly in rural areas and emerging economies. Renewable fuels of 

non-biological origin can contribute significantly on short term to the decarbonization of 

transport, energy diversification in the transport sector and energy security, while promoting 

innovation, growth and jobs and reducing the dependence on energy imports. Renewable fuels of 

non-biological origin can play a key role in the transition, acting as energy storage solution of the 

excess renewable electricity, balancing the electricity grid and producing renewable fuels for the 

decarbonisation of transport on short term. The impact occurs across the entire value chain, from 

renewable electricity production, carbon capture or nitrogen separation to conversion, logistics, 

and energy serices. Renewable fuels of non-biological origin contribute to economic development 

by creating direct and indirect employment, enhancing rural livelihoods, supporting local 

infrastructure, and promoting energy security and economic value addition.  
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Affordable 

energy access 

Sustainable energy is a key enabler for sustainable development. Energy poverty in a 

wide context is related to the access and affordability of energy. Renewable fuels of 

non-biological origin can offer great opportunities for the installation of solar and wind 

plants to produce fuels (energy) for transport in local communities. Renewable fuels of 

non-biological origin can improve affordable energy access by providing by new 

economic opportunities for the development of rural areas and additional income to 

rural and energy poor areas 

Public 

acceptance 

Public acceptance is essential for successful development and take up of renewable 

energies. Public acceptance to produce renewable fuels of non-biological origin relates 

mostly to the photovoltaics or wind electricity generation. Photovoltaics and wind power 

production are generally accepted by the public as public awareness has increased the 

last years. Some concerns have been expressed to some impacts on land use (in the 

case of the use of agricultural land), biodiversity and environmental impact (offshore 

wind impacts on marine ecosystems, impacts on migrating birds, etc.), aesthetical 

reasons, etc.  

Rural 

development 

Renewable liquid and gaseous transport fuels of non-biological origin provides good 

opportunities for local and distributed renewable electricity production and fuel synthesis 

plants. This has significant positive impact on sustainable rural development, providing 

job opportunities along the supply chain, on the renewable electricity production part, 

including skilled labour that can be a driver of industry development in rural areas. This 

provides new income-generating opportunities in rural areas, enhanced economic 

security of rural communities by supporting economic activities and economic growth.  
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Annex 2 Energy System Models and Scenarios 

AN 2.1 POTEnCIA CETO 2025 Scenario 

The POTEnCIA CETO 2025 Scenario has been generated with the Policy Oriented Tool for Energy and Climate 
Change Impact Assessment (POTEnCIA). Developed in-house by the European Commission’s Joint Research 
Centre (JRC) to support EU policy analysis, POTEnCIA is an energy system simulation model designed to compare 
alternative pathways for the EU energy system. The core modelling approach of POTEnCIA (detailed in Mantzos 
et al., 2019) focuses on the economically-driven operation of energy markets and corresponding supply-demand 
interactions, based on a recursive dynamic partial equilibrium method. 

The technology projections provided in the POTEnCIA CETO 2025 Scenario are obtained under a climate 
neutrality scenario aligned with the broad GHG reduction objectives of the European Green Deal. As such, this 
scenario reduces net EU GHG emissions by 55% by 2030 and 90% by 2040, both compared to 1990, and 
reaches net zero EU emissions by 2050. To model the uptake of different technologies under this 
decarbonisation trajectory, the scenario includes a representation at EU level of general climate and energy 
policies such as emissions pricing under the Emissions Trading System, as well as key policy instruments that 
have a crucial impact on the uptake of specific technologies. For instance, the 2030 energy consumption and 
renewable energy shares reflect the targets of the EU's Renewable Energy Directive (RED) and of the Energy 
Efficiency Directive (EED). Similarly, the adoption of alternative powertrains and fuels in transport is consistent 
with the updated CO2 emission standards in road transport and with the targets of the ReFuelEU Aviation and 
FuelEU Maritime regulations.  

Compared to the POTEnCIA CETO 2024 Scenario (Neuwahl et al, 2024), the POTEnCIA CETO 2025 Scenario 
incorporates many model enhancements and scenario-specific updates, most notably: 

- The usage of the more recent JRC-IDEES 2023 data (Rózsai et al, 2025).  

- Closer alignment to the National Energy and Climate Plans (NECPs) of the individual EU Member 
States, which have been published in recent months. 

A more detailed description of the POTEnCIA CETO 2025 Scenario will be available in the forthcoming report 
(Neuwahl et al., 2025).  

 
POTEnCIA References 

Mantzos, L., Wiesenthal, T., Neuwahl, F., & Rózsai, M. (2019). The POTEnCIA Central Scenario. An EU Energy 
Outlook to 2050. Report EUR 29881 EN. Publications Office of the European Union, Luxembourg. 

Neuwahl, F., Wegener, M., Jaxa-Rozen, M., Salvucci, R., Sikora, P., Gea Bermudez, J., and Rózsai, M., Clean Energy 
Technology Observatory: POTEnCIA CETO 2024 Scenario, Publications Office of the European Union, 
Luxembourg, 2024, https://data.europa.eu/doi/10.2760/1473321, JRC139836. 

Neuwahl, F., Wegener, M., Jaxa-Rozen, M., Salvucci, R., Sikora, P., Gea Bermudez, J., and Rózsai, M. The POTEnCIA 
CETO 2025 Scenario, Forthcoming. 

Rózsai, M., Jaxa-Rozen, M., Salvucci, R., Sikora, P., Gea Bermudez, J., Wegener, M. and Neuwahl, F., JRC-IDEES-
2023: the Integrated Database of the European Energy System – Data update and technical documentation, 
Forthcoming.  
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AN 2.2 Global CETO 2°C Scenario 2025 

The Global CETO 2°C Scenario 2025 has been generated by the global energy model POLES-JRC (Prospective 
Outlook for the Long-term Energy System).  

POLES-JRC covers the entire global energy system with a high level of regional detail, encompassing 66 
countries and regions, from primary supply (fossil fuels, renewables) to transformation (power, biofuels, 
hydrogen, and hydrogen-derived fuels, such as e-fuels and ammonia) and final consumption sectoral demand 
(industry, buildings, transport). International markets and energy fuel prices are calculated endogenously. The 
model comprises a comprehensive portfolio of technologies, with technology dynamics and interactions across 
sectors modelled using endogenous technology learning. 

Detailed documentation of the POLES-JRC model is provided in (Després et al., 2018). Techno-economic 
assumptions used in the current version of the model are provided in (Schmitz et al., 2025). The latter report 
provides also a comprehensive overview of the dynamics and interaction of various clean energy technologies 
until the end of the century. POLES-JRC results are published in the annual "Global Climate and Energy Outlooks” 
(GECO) report, which provides detailed country energy and GHG balances, and an online visualisation interface.  

The Global CETO 2°C scenario 2025 is designed to limit global temperature increase to 2°C at the end of the 
century. It is driven by a single global carbon price. The Global CETO 2°C scenario 2025 builds on the POLES-JRC 
model version used for GECO 2024 (European Commission, 2025) and has been enhanced as following: 

- Cost optimisation for electrolysers powered by renewables (PV, wind) has been implemented 
considering an over-sizing of renewable capacities and battery storage. 

- Electrolyser investment costs have been increased reflecting recent literature revisions. 

- Updated investment costs for renewable technologies and utility battery according to (IRENA, 2025) 
as well as updated installed capacities for power generating technologies. 

- Revised global wind profiles (off-shore and on-shore). 

- Updated data on new vehicles and vehicle stock by transport mode (battery and fuel cell vehicles, 
ICE, hybrid) and vehicle type (passenger cars, light and heavy trucks, buses). 

- Updated hydrogen infrastructure cost related to road transport. 

 

POLES-JRC References 

European Commission: Joint Research Centre, Keramidas, K., Fosse, F., Aycart Lazo, F.J., Dowling, P., Garaffa, R., 
Ordonez, J., Petrovic, S., Russ, P., Schade, B., Schmitz, A., Soria Ramirez, A., van Der Vorst, C. and Weitzel, M., 
Global Energy and Climate Outlook 2024, Publications Office of the European Union, Luxembourg, 2025, 
https://data.europa.eu/doi/10.2760/9028706, JRC139986. 

IRENA (2025), Renewable power generation costs in 2024, International Renewable Energy Agency, Abu Dhabi, 
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024. 

Després, J., Keramidas, K., Schmitz, A., Kitous, A., Schade, B., Diaz Vazquez, A., Mima, S., Russ, H. and Wiesenthal, 
T. (2018), POLES-JRC model documentation, Publications Office of the European Union, Luxembourg, 
doi:10.2760/814959, JRC113757. 

Schmitz, A.,Schade, B., Garaffa, R., Keramidas, K., Dowling, P., Fosse, F., Díaz Vázquez, A., Russ, P., Weitzel, M., 
Clean Energy Technology Observatory - Impacts of enhanced learning rates for clean energy technologies on 
global energy system scenarios - Energy System Modelling For Clean Energy Technology Scenarios, Publications 
Office of the European Union, Luxembourg, 2025, https://data.europa.eu/doi/10.2760/5626925, JRC140568. 

 

  

https://joint-research-centre.ec.europa.eu/scientific-activities-z/geco_en
https://joint-research-centre.ec.europa.eu/scientific-activities-z/geco_en


 

 

Getting in touch with the EU 

In person 

All over the European Union there are hundreds of Europe Direct centres. You can find the address of the 
centre nearest you online (european-union.europa.eu/contact-eu/meet-us_en). 

On the phone or in writing 

Europe Direct is a service that answers your questions about the European Union. You can contact this service: 

— by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls), 
— at the following standard number: +32 22999696, 
— via the following form: european-union.europa.eu/contact-eu/write-us_en. 

Finding information about the EU 

Online 

Information about the European Union in all the official languages of the EU is available on the Europa 
website (european-union.europa.eu). 

EU publications 

You can view or order EU publications at op.europa.eu/en/publications. Multiple copies of free publications can 
be obtained by contacting Europe Direct or your local documentation centre (european-
union.europa.eu/contact-eu/meet-us_en). 

EU law and related documents 

For access to legal information from the EU, including all EU law since 1951 in all the official language 
versions, go to EUR-Lex (eur-lex.europa.eu). 

EU open data 

The portal data.europa.eu provides access to open datasets from the EU institutions, bodies and agencies. 
These can be downloaded and reused for free, for both commercial and non-commercial purposes. The portal 
also provides access to a wealth of datasets from European countries. 

 

https://european-union.europa.eu/contact-eu/meet-us_en
https://european-union.europa.eu/contact-eu/write-us_en
https://european-union.europa.eu/
https://op.europa.eu/en/publications
https://european-union.europa.eu/contact-eu/meet-us_en
https://european-union.europa.eu/contact-eu/meet-us_en
https://eur-lex.europa.eu/
https://data.europa.eu/


 

 

 

 

 

The Joint Research Centre (JRC) provides independent, 
evidence-based knowledge and science, supporting 
EU policies to positively impact society 

 

Scan the QR code to visit: 

The Joint Research Centre: EU Science Hub 
https://joint-research-centre.ec.europa.eu 
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