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[bookmark: _Toc137463008][bookmark: _Toc641015081][bookmark: _Toc1122764167][bookmark: _Toc202004868][bookmark: _Toc198704555][bookmark: _Toc1999407340]1. Introduction: Industrial Biorefineries	
As we move towards a combined economically and environmentally resilient future, it is essential to create systems that provide both reliable and sustainable sources of energy, raw materials, and products. The transformation needed to address the current industrial impacts on climate change requires a broader shift to a circular, bio-based economy in which industrial biorefineries play a central role. In this approach, the use of locally available, renewable resources, over finite fossil fuels, aims to reduce greenhouse gas (GHG) emissions while supporting sustainable development. By integrating advanced technologies to optimize resource efficiency and limit energy demand, biorefineries are being designed to respond to critical environmental challenges and contribute to economic growth.
[image: A diagram of a factory

AI-generated content may be incorrect.]Industrial biorefineries are advanced facilities that convert biomass into a wide range of bio-based products, including biofuels, biochemicals, electricity, and heat, on a commercial scale. As such, they are poised to replace the production of current fossil-based products, and to increasingly power industrial operations, global transportation, or utilities such as district heating networks. Like petroleum refineries, industrial biorefineries will progressively rely on integrated processes to maximize the value extracted from raw materials. This potential is unlocked by biochemical, thermochemical, and hybrid conversion technologies, that enable the sustainable and efficient use of biogenic resources while minimizing the impact on the carbon cycle.
Figure 1. The role of industrial biorefineries in a bioeconomy. Illustration: AEE INTEC, Hanna Lanz.

Task 11 of the Industrial Energy-Related Technologies and Systems (IETS) programme strives to compile projects that inspire, competencies that enable, and strategies that guide the targeted expansion of a resilient bioeconomy across different industrial sectors. Organisations from Austria, Canada, Portugal and Sweden, cooperate in this task to compile relevant projects, reports and experiences from IETS member countries. In the last 2 years, expert meetings have been organized to discuss results, developments and challenges of ongoing projects. Discussion themes at the meetings were focused on topics such as system boundaries in the evaluation of net-zero biorefineries or decision support tools to develop pathways towards net-zero concepts. Based on the work of the Task 11 between 2022-2024, this report provides a brief introduction to integrated, industrial biorefineries, their economic, societal and environmental significance and challenges as well as technological solutions for them to achieve net-zero or even net-negative GHG emissions. As living document the report will be updated in 2026 with input of new expert contributions.

	► Biorefinery Feedstocks

	1st Gen: edible crops (e.g., wheat, soy); competes with food.
2nd Gen: non-edible biomass (e.g., straw, wood); more sustainable.
3rd Gen: algae & engineered organisms; CO₂-sequestering but still emerging.


In general, the material inputs on which biorefineries depend are categorized according to their origin as first-, second- and third-generation feedstocks. First-generation feedstocks are derived from edible crops such as sugar cane, sugar beet, wheat, or soybeans. Second-generation feedstocks are non-edible lignocellulosic biomass, derived from agricultural residues, woody materials, and dedicated energy crops, that are promising due to their abundance and sustainable growth potential. Unlike first-generation biomass, lignocellulosic feedstocks do not directly compete with food production, addressing land use conflicts and food security concerns. Examples include wheat straw, corn stover, sugarcane bagasse, and forest residues, all of which serve as renewable carbon sources for energy and material production. Third-generation feedstocks include algae biomass or other advanced sources such as engineered organisms. These can sequester CO2 during cultivation, do not require arable land, and can be tailored to specific use cases. However, large-scale applications of these feedstocks often require further maturation. Lastly, organic wastes of all kinds can also serve as valuable raw materials and can be composed of any of the aforementioned generations of feedstocks.
While 2nd generation feedstocks are at the focus of current implementations, this work presents GHG reduction strategies in a biomass-agnostic manner. By taking a general approach, it addresses the multifaceted nature of biorefinery activities, which span feedstock inputs from, e.g., agriculture, forestry, or waste management, and outputs that contribute to energy, chemicals and materials markets. For this reason, it is crucial to recognize the central role of biorefineries in a circular economy and to expedite their capacities, e.g., by adopting new technologies for separation and conversion processes. Besides the potential to substitute fossil fuels in the energy and materials landscape, closing material loops through the recycling of waste streams and the capture of GHG emissions present further opportunities to decarbonize energy systems and industrial processes.
In addition to their important contributions to sustainable resource management and a bio-based economy, industrial biorefineries are expected to stimulate economic growth in rural areas where biomass feedstocks are typically sourced. Due to tighter economic and environmental constraints on transporting harvested biomass from its origin to processing and upgrading facilities, these facilities are strategically located close to feedstock sources. This in turn promotes regional development, diversification of local economies, and a reduced dependence on non-renewable resources.
[bookmark: _Toc935539667][bookmark: _Toc1257717472][bookmark: _Toc480630422][bookmark: _Toc1498413895][bookmark: _Toc1814494605]Industrial biorefineries are a cornerstone in the transition to a circular bioeconomy. As enablers of sustainable resource management and decarbonization, biorefineries have the potential to reshape industrial systems, and to drive a more resilient and independent energy and material future.

[bookmark: _Toc198704556]2. GHG-Emissions and Biorefineries	
To identify feasible pathways towards net-zero or negative emissions in biorefineries, it first requires a clear picture of the interactions between industrial activity and the carbon cycle that affects greenhouse gas concentrations in the atmosphere. The following considerations are general in nature and therefore not limited to biorefineries exclusively.
[image: ]As illustrated in Figure 2, different types of carbon sources can be used in the manufacturing industry. Historically, these included biogenic materials, such as wood or reed, and fossil-based resources, such as gas, oil, or coal. However, ongoing efforts are also significantly increasing the amount of material that is effectively recycled from end-of-life products and returned to manufacturing as feedstock. One of the best examples of this is municipal waste management, where recycling rates have steadily increased over the past few decades.1 Specifically in global plastics production, the volume of mechanically and chemically recycled post-consumer plastics surged by 21% between 2018 and 2023 alone, rising from 30.1 Mt to 36.5 Mt annually.2 Such developments close material cycles, maximize resource valorization, and reduce the demand for virgin feedstock extraction. Finally, technological advances and policy incentives are enabling energy-intensive direct air capture (DAC) on a progressively larger scale, making atmospheric CO2 available as a potentially climate-neutral feedstock.3 Contrary to other sources, this provides carbon in its fully oxidized form, i.e., its energy use by oxidative means is forestalled and its material use is thermodynamically complicated due to the highly stable, low-energy state of carbon dioxide.
Figure 2. Carbon cycle in relation to the general role of industrial activity. Carbon sources represented as potential inputs include (a) atmospheric, (b) fossil, (c) biogenic, and (d) recycled sources, while products (or energy) and emissions represent factory outputs. Emissions are either released directly into the atmosphere, captured for utilization (CCU), or captured for storage (CCS). At the end of a product's life, it can be incinerated, degraded, or recycled, contributing to the overall carbon balance in different ways. Credits for illustration: AEE INTEC, Hanna Lanz.
On the output side, products and emissions of all kinds need to be considered. From a carbon cycle perspective, carbon-containing products can be considered an intermediary repository, whose carbon is released back into the environment either during the product's lifetime or/and at the end-of-life by, e.g., incineration or biological degradation, if not recovered through effective recycling measures. Consequently, both the lifespan and the recyclability of products are key characteristics that determine their net emissions. In this context, the same applies to by-products of industrial processes such as used solvents, spent catalysts, side-reaction products, or solid machining wastes, which is why these are subsumed within the carbon cycle pathway of products generally. Importantly, by-products need to be considered in the same way as primary products, as they may also be subject to regeneration for material recycling, incineration for energy recovery, or landfilling, all of which affect overall emissions.
Virtually all economic activities generate some level of emissions during the manufacturing or processing stage. It is worth noting that emissions with global warming potential (GWP) are not limited to carbon-containing substances in general or to gaseous species. Both, nitrous oxide and sulphur hexafluoride are well-known examples of carbon-free greenhouse gases and particulate pollutants such as soot also bear a considerable load on the climate due to their excellent radiation absorption qualities.4,5 Additionally, since the carbonaceous species that make up soot have a short atmospheric lifetime, targeted measures to reduce soot emissions by, e.g., flue gas particle filters or advanced combustion technologies, quickly translate into the desired effects on global warming rates.4,6 This underscores the need to optimize technologies to reduce emissions of all types. In this paper, as well as in the activities of Task 11, the focus is on carbon-based greenhouse gases, as these represent the vast majority in terms of total tonnage emitted and actual contribution to long-lived greenhouse effects, with carbon dioxide (CO2) and methane (CH4) accounting for approximately 80% of total climate ramifications by GHG.5,7 
	► Carbon Sources

	· fossil fuels
· biogenic materials
· recycled materials
· captured CO2


As for carbon that is released into the atmosphere from natural sources – such as from biological decay, forest fires, or volcanic eruptions – carbon emissions from anthropogenic sources too are taken up by the biosphere and the Earth's crust through photosynthesis, humification, or carbonization. In particular, healthy green spaces and forests provide an effective, natural way to remove carbon from the atmosphere, while simultaneously growing biogenic resources. Additionally, the use of residual organic matter from biorefineries to enhance soil carbon sequestration has received growing attention as a complementary approach for atmospheric carbon removal via the biosphere.8 Aside from natural routes, technological solutions are being pursued to address the urgency of the climate crisis. Here, Carbon Capture and Storage (CCS) as well as Carbon Capture and Utilization (CCU) have emerged as key strategies for a path to net-zero or even net-negative emissions. In both instances, CO2 is isolated, concentrated, and compressed to increase the efficiency of any downstream storage or utilization measures. Accordingly, the capture of CO2 from large emission sources, referred to as point-source capture, is particularly efficient due to the already elevated CO2 concentrations of the respective process gases (cement plants 15-20% CO2, steel plants 20% CO2, ethanol plants 99% CO2) compared to atmospheric concentrations (~0.04% CO2).9 Generally, the cost of CO2 capture is inversely proportional to the CO2 purity of the emission stream.10 For CCS, the captured CO2 is directed towards underground storage sites via ship, pipeline, rail, or truck for long-term storage through geological sequestration. In this scenario, the captured CO2 bypasses the atmosphere entirely, preventing its global warming potential from taking effect. With CCU, the captured CO2 is retained in the processing industry for material use, either directly (without chemical conversion) or indirectly, after transformation into various products. Whilst the use of CO2 for enhanced oil recovery or chemical fertilizer production is well established, CO2–based synthetic fuels, chemicals, algal bio-fertilizers, or building materials are an area of research and development. It is important to note that CCU redirects carbon from potential CO2 emissions to the formation of products, which typically requires additional resources and energy and does not necessarily result in emission reductions. Any potentially associated climate benefits depend on the source of CO2 (natural, fossil, biogenic, or air capture), the carbon intensity of the energy used for capturing and processing, and the length of time for which the CO2 is retained in the obtained product.
This conditionality indicates that a meaningful assessment of emission contributions by individual carbon pathways depends on the consideration of boundaries conditions and relative process kinetics. To gauge impacts on atmospheric GHG concentrations, it is necessary to consider the carbon mass balance for the Earth's atmosphere, where time-dependent net additions and removals determine how these concentrations evolve over time. In this context, different established boundaries referred to as Scope 1, 2, or 3, allow emissions to be assessed at different levels of resolution.
Scope 1 includes all greenhouse gas emissions that are directly caused and emitted by the unit of concern, i.e., a specific process or an entire organization. This could include generated process gases or emissions from boilers in office buildings.
Scope 2 describes indirect emissions released by off-site energy providers that are a consequence of the primary operations assessed in Scope 1. Examples include emissions from off-site generation of electricity, heat, or steam.
Scope 3 encompasses all the upstream necessities and downstream consequences of the production of products, provision of services, or operations of business as a whole. It includes emissions from raw material extraction, pre-processing, and transportation, employee commuting, waste generation, product distribution and disposal.
While Scope 1 and 2 emissions are relatively straightforward to assess, they provide limited insight and should eventually be corroborated with the typically more substantial Scope 3 emissions. Nevertheless, gate-to-gate boundaries around the process of interest are used to evaluate individual production steps and to compile Scope 1 and 2 emissions. Such assessments can support the identification of further process optimization potential. However, when considering the overall impact on atmospheric GHG concentrations, it is necessary to go beyond narrow boundaries and to apply full life cycle assessments (LCA) in a cradle-to-cradle perspective. These studies can quantify the carbon footprint of products or entire companies and characterize their corresponding emissions as net-positive, net-zero, or net-negative. Since such assessments can, in principle, be performed or any entity (products, facilities, companies, industries, regions, countries, etc.), each can be evaluated and assigned the appropriate attribute, provided the necessary data is available. While the goal for sustainable emissions at the societal level is net zero, this does not necessarily require each individual system component to reach net zero by itself. Some sectors or entities with unavoidable emissions can be offset by others that can achieve net-negative emissions, thus ensuring the balance of the global carbon cycle. To this end, it is essential to justly assign responsibility for all scopes of emissions to each stakeholder, enabling transparent and effective governance and carbon management.
	► Emission Categories

	Scope 1: Direct emissions from operations.
Scope 2: Indirect emissions from purchased energy.
Scope 3: Supply chain & product lifecycle emissions.

	► Mitigation Strategies

	· Carbon Capture & Storage (CCS)
· Carbon Capture & Utilization (CCU)
· Bioenergy with Carbon Capture & Storage (BECCS)

	► Impact

	· Bio-based products cut emissions by ~45% on average
· Potential for net-negative emissions using BECCS


It is in the context of net-zero and negative emissions that biorefineries warrant special attention. Unlike petrochemical industries, which rely on fossil fuels that regenerate on a timescale of millions of years, biorefineries use biogenic feedstocks whose regeneration rates are several orders of magnitude faster. From the perspective of circular carbon use and the potential for targeted intervention in atmospheric GHG concentrations, biorefineries therefore offer significantly greater opportunities for sustainable carbon management. However, this considers only one side of the atmospheric GHG mass balance: the fundamental potential for re-uptake and sequestration by natural processes. To realize environmental benefits, it is paramount to also account for the specific emissions generated by biorefinery operations per unit of output. In other words, without optimized valorization concepts, tailored energy-efficient technologies, and integrated process control, the full potential of biorefineries cannot be unlocked. This is substantiated by a recent meta-study on life cycle GHG savings of bio-based products compared to their fossil counterparts, which found an average emission reduction of 45%. However, it also identified individual cases where, for instance, exceedingly high energy requirements for the production of certain biorefinery products resulted in a dramatically larger GHG footprint than for their fossil-based alternatives.11 Addressing these challenges is a key focus of current research. Emerging technologies for biorefineries, which enhance process and energy efficiency and reduce emissions during biomass processing or downstream, are one of the research focus areas of Subtask 2 of IEA IETS Task 11. Understanding the mitigation impact that these innovations can achieve is critical to ensure that biorefineries contribute meaningfully to climate goals. In addition to the potential for emission reductions on the path to net-zero, biorefineries also open the door to net-negative emissions, pushing beyond mere sustainability towards truly climate-positive actions. One exemplary strategy for this is bioenergy with carbon capture and storage (BECCS). Since biomass naturally absorbs CO2 as it grows, capturing and storing emissions from its conversion to energy has the capacity to yield a net-negative carbon balance. This makes BECCS one of the few scalable technologies available today that can transform biorefinery operations from emission-mitigating solutions into active drivers of carbon removal, reinforcing their role in the industrial transformation and reorientation.12,13
Building on these initial perspectives on industrial biorefineries, the carbon cycle, and their interaction, the following chapters introduce tools for assessing environmental impacts, strategic action plans, inspirational project examples, and associated challenges and opportunities.
[bookmark: _Toc198704557]3. Evaluating Biorefinery Concepts towards Net Zero
During the recent Task 11 period (2022–2024), the evaluation of biorefinery concepts was at the center of the international discourse. In addition to specific sub-task meetings, a joint workshop was held in April 2024, which dealt intensively with I-BIOREF, a calculation and evaluation tool developed by Natural Resources Canada (NRCan). The workshop also addressed the importance of defining appropriate system boundaries for evaluations. The agenda is provided in the Appendix. Three main conclusions emerged from the discussion:
· Multicriteria Evaluation: Decisions cannot be taken reliably based on a single indicator; due to the complexity of technical, economic, and socio-economic interdependencies. A set of criteria must be considered, which encompasses not only CO2 emissions but also impacts on water and chemical use.
· Life Cycle Perspective: To evaluate net-zero or negative emission concepts, the entire life cycle must be assessed. Narrow system boundaries are insufficient for scientifically sound conclusions (see chapter 5.4).
· Robust decisions: The variables influencing industrial decision-making are becoming increasingly numerous, complex, and volatile. It is therefore important to support industry in robust decision-making with forward-looking guidance and risk analysis.

The following chapters elaborate on these themes accordingly.


[bookmark: _Toc198704558]4. Life Cycle Assessment: An Essential Tool
[bookmark: _Toc198704559]4.1. Generalities of LCA
Life Cycle Assessment (LCA) is a systematic methodology for evaluating the environmental impacts by products, processes, or services throughout their life cycle — from raw material extraction, production, and use to disposal or recycling. By providing a comprehensive view of resource use and emissions at all stages, LCA enables the identification of environmental hotspots and supports decision-making for more sustainable choices. Globally recognized and endorsed by the European Union as the standard methodology for environmental assessment, LCA is based on established international standards such as ISO 14040 and ISO 14044. These standards ensure consistency, transparency, and reliability in its application, making LCA a widely accepted tool for assessing sustainability. LCA is performed in four distinct phases:
1. Goal and Scope Definition: Establishing the purpose, boundaries, and key parameters of the study, ensuring that the assessment aligns with its intended objectives.
2. Life Cycle Inventory (LCI): Compiling an inventory of all inputs (materials and energy) and outputs (emissions and waste) associated with the system under study.
3. Life Cycle Impact Assessment (LCIA): Translating the inventory data into quantifiable environmental impacts categorized into areas such as global warming potential, resource depletion, and ecosystem toxicity.
4. Interpretation: Analysing the results to derive meaningful conclusions and provide recommendations for stakeholders.

	► Life Cycle Assessment (LCA)

	What it is: A systematic method to assess environmental impacts across a product’s entire life cycle.
Key activities: Goal setting, inventory analysis, impact assessment, and interpretation.
Why it matters: identify environmental hotspots, optimize technologies, and support net-zero strategies.
Impact: help compare alternative pathways, prevent burden-shifting, and inform sustainability policies.




[bookmark: _Toc198704560]4.2. Application of LCA in Technological Pathways Toward Net-Zero Emissions
LCA is a powerful decision-support tool, particularly in the context of advancing technologies aimed at achieving net-zero emissions. To make this a reality by mid-century, will require transformative changes across sectors, including energy, transportation, manufacturing, and construction. LCA plays a critical role in conceptualizing and evaluating technologies by providing insights into their environmental performance and identifying opportunities to minimize emissions.

· Identifying Environmental Hotspots 
One of the key contributions of LCA is its ability to pinpoint stages in the life cycle of a technology, process, or product that contribute disproportionately to environmental impacts. For example, in biorefineries, LCA can identify high-emission stages such as feedstock cultivation or chemical processing. Addressing these hotspots through process optimization or adopting renewable energy sources can substantially reduce the carbon footprint of bio-based technologies. For renewable energy technologies such as solar panels or wind turbines, LCA can reveal that the most significant emissions often occur during material extraction and manufacturing, rather than during operation. Addressing these hotspots through material innovation or process optimization can significantly reduce the carbon footprint of these technologies.

· Guiding Technology Design and Optimization 
By integrating LCA early in the design phase, developers can prioritize technologies with lower environmental impacts. For instance, during the conceptualization of biomass-based energy systems, LCA can guide the selection of feedstocks with lower land use impacts or the design of processes that enhance carbon efficiency. LCA has identified that the most emission-intensive stages are often feedstock cultivation and chemical processing. Strategies such as optimizing fertilizer use, using organic farming practices, or transitioning to renewable energy sources in processing plants can mitigate these impacts. Similarly, in biofuel production, LCA has been used to compare pathways such as fermentation-based ethanol versus algae-derived biodiesel, enabling informed decisions to minimize emissions.

· Supporting Circular Economy Initiatives 
LCA helps to evaluate the potential benefits of circular economy strategies such as recycling, remanufacturing, and reuse. In the bio-based economy, this can include the use of agricultural residues or sawmill by-products to produce bio-based materials or bio-composites. For example, LCA has demonstrated the environmental benefits of using lignin-rich biomass for bioplastics, reducing the dependence on fossil-based resources while minimizing waste.

· Comparing Alternative Technological Pathways 
When there are multiple pathways to achieve the same function, LCA provides a robust framework for comparison. For Carbon Capture and Utilization (CCU) technologies, LCA has been applied to evaluate pathways such as conversion of captured CO2 to fuels or chemicals versus geological storage in Carbon Capture and Storage (CCS). These assessments reveal trade-offs in energy use, emissions, and resource efficiency, and guide stakeholders toward the most sustainable options.

· Monitoring and Reporting Progress Toward Net-Zero Goals 
LCA also serves as a tool for tracking progress toward emissions reduction targets. By quantifying the carbon intensity of various technologies and systems, it provides measurable benchmarks for assessing improvements over time. For example, LCA has been widely used to evaluate the carbon intensity of biofuels, hydrogen production methods, biomass combustion systems compared to coal or natural gas, and carbon capture technologies, helping to align these innovations with net-zero objectives.

· Addressing Trade-offs and Avoiding Burden Shifting 
When pursuing net-zero emissions, it is essential to avoid burden-shifting—where reducing impacts in one area inadvertently increases them elsewhere. LCA captures these trade-offs and ensures that decisions lead to holistic improvements. For example, when switching from fossil-based to bio-based plastics, LCA can highlight potential increases in land use or water consumption, guiding the meaningful adoption of sustainable feedstocks.

· Informing Policy and Standards Development 
Governments and regulatory bodies are increasingly relying on LCA to inform policies and standards aimed at reducing emissions. For example, LCA underpins the EU's Product Environmental Footprint (PEF) framework, which evaluates the environmental performance of products and promotes transparency across industries. EU's Renewable Energy Directive (RED III) uses LCA to assess the greenhouse gas savings of biofuels compared to fossil fuels. This alignment between LCA results and policy development is accelerating the transition to net-zero.

LCA is an indispensable tool to achieve net-zero emissions. By providing a comprehensive understanding of environmental impacts across the life cycle of technologies, LCA enables the identification of hotspots, optimization of processes, and evaluation of alternative pathways. Its ability to guide decision-making, prevent burden-shifting, and support policy development places LCA central to the design and evaluation of sustainable technologies. In the global race to mitigate climate change, embedding LCA in technology development and implementation will be critical to aligning innovation with environmental and societal goals.


[bookmark: _Toc198704561]5. Pathways Towards Net-Zero and Negative Emissions in Industry
[bookmark: _Toc198704562]5.1. Point of Departure
Many companies are committing to net zero emissions by various dates, most commonly 2050. Associated with these commitments is obviously a great deal of uncertainty, for example considering future scenarios of technology performance, market acceptance of new products, and policy support for Net Zero and related aspects. Put this way, it quickly becomes obvious that Net Zero ambitions of companies require significant capital spending and face complex challenges. Consequently, pathways to Net Zero must be defined using a phased implementation approach over decades, which is to be adapted as the future rolls out.
This section is inspired by workshop materials presented to the forest products industry in Canada during the 2022 PaperWeek-BIOFOR Conference and summarizes the practicalities of implementing a biorefinery strategy in industry, extended to the context of net-zero or negative GHG emissions.14 In this sense, the following insights refer extensively to the forest products industry. The extrapolation to other sectors requires a certain adaptation; however, the principals generally apply. The forest products industry presents a particularly interesting context, in that demand for several segments such as newsprint or printing and writing papers is in decline, and this has required that companies aggressively pursue revenue diversification – which is what many companies have been doing to different extents over the last 20 years or so. More recently, the value resulting from carbon emissions reduction has been increasing, enhancing the opportunity for innovative approaches towards Net Zero. Forestry companies have the clear responsibility to manage forest resources. They operate regional facilities, oversee biomass raw material harvesting, and manage supply chains. The substantial biogenic carbon emissions associated can now be captured and considered as feedstocks, providing an enormous opportunity for the forest products sector related to the management and value of carbon. 
In this way, (1) the transformation of the forest products industry via biorefinery development, and (2) the pursuit of net-zero or negative GHG emissions are closely interconnected goals. Together, they implicate several phases of new technology implementation leading to a portfolio of new bioproducts – ideally replicable across many sites, representing a high-risk endeavour from any perspective.

[bookmark: _Toc198704563]5.2. Net Zero Strategy Investment: Risk vs. Return
In principle, forest product companies have three strategies they might consider for survival and growth:
1. Go for survival in core business commodities, or make the most of existing markets,
2. Buy/build/sell to international markets, or make the most of the forestry/pulp and paper competency in emerging economies,
3. Diversify from the core business with partners, or make the most of existing value chains, by migration to new business paradigms while minimizing carbon emissions.
Certain forestry companies are adapting their manufacturing assets to more robust existing market sectors such as packaging or tissue grades, and others look to discounting strategies and penetrating existing commodity markets. However, increasingly, forestry companies are considering new business paradigms associated with radical decarbonization and carbon emissions reduction to maximize carbon value over the long term. These three strategies are increasingly overlapping. At the same time, forestry companies must maintain their free cash flow to meet shareholder needs, for example related to ongoing asset performance, shareholder expectations, and debt-equity ratios. To balance these needs, capital spending by forestry companies must place investment decisions related to these three strategies in competition. In assessing the Net Zero strategy, companies must consider the gamut of risks, including, for example:
· Technology risk:  related to scale-up of emerging technologies, comparing the risk-return of technologies at different Technology Readiness Levels (TRLs), technology investments that become uncompetitive due to origination of new technology generations, etc.
· Market risk: related to the production of new bioproducts delivered in conjunction with legacy products, market acceptance of the value proposal from new functionalities associated with many bioproducts, production economies-of-scale relative to market demand, etc.
· ... and many other risks, such as those related for example to policy support for decarbonization over the long term in specific jurisdictions, amongst others.
In this context, companies must move forward carefully, balancing risk with return – both in the near and long term – while justifying their investments in a highly competitive environment.

[bookmark: _Toc198704564]5.3. Example: UPM as the Transformation Benchmark Towards Net Zero
An increasing number of companies in the forest product sector are systematically identifying and implementing bioeconomy and Net Zero strategies. Such model cases certainly provide valuable insights into factors contributing to both success and failure. Scandinavia’s UPM-The Biofore Company is a global leader in the area and serves as an important example for inspiration.
UPM began to invest in their bioeconomy strategy in the early 2000s, in parallel with building eucalyptus pulp capacity in South America and a global supply chain capability. Their approach is captured well in the following illustration extracted from the UPM February 2025 Report to Investors illustrating their balanced approach to targeting Net Zero emissions (1) through responsible forest management, (2) through good energy and supply chain management and monitoring their Scope 3 emissions as the company transforms, and (3) through the manufacture of products that sequester carbon and replace fossil-based products. UPM is currently starting-up what might be their most ambitious biorefinery project in Leuna Germany, targeting full capacity for the production of bio-monoethylene glycol (BioMEG) and lignin-based Renewable Functional Fillers (RFF) in 2027.
Figure 3. UPM Biofore strategy for approaching net zero GHG emissions.15

[bookmark: _Toc198704565]5.4. Designing Net Zero Strategies: Mitigating Risk Through Phased Implementation
[image: ]The approach to establishing Net Zero strategies is shown schematically in Figure 4, and uses a classical design methodology adapted for the specifics of high uncertainty and emerging Net Zero technologies. This framework emphasizes product/market business strategy and addresses the challenges arising from implementing a long-term strategy, supported by a flexible technology approach. The process described above manifests itself in any number of ways, shown schematically in Figure 5. The strategy consists of the implementation of a number of phases, re-assessing current conditions (technology, market, policy, etc.) after each phase.
[bookmark: _Ref190087536]Figure 4. Early-stage decision-making for Net Zero strategies in biorefineries.14
Disruptive technologies must be systematically derisked and implemented, probably considering several candidate strategies in parallel. At the same time, the business systems of the company must evolve to capture the value created.  Certain of the key elements for designing the strategy are shown on the left-hand of the figure, illustrating the breadth of technology and business considerations that are required for establishing a robust strategy.
[bookmark: _Ref190091279][image: ]Figure 5. Phased implementation of Net Zero strategies in order to mitigate risk.14

[bookmark: _Toc198704566]5.5. Take-Away Messages
In this section, the simultaneous challenge of implementing the diversification of revenues through the implementation of industry-based biorefineries while setting objectives relative to achieving Net Zero emissions was presented. The management of carbon for the case of the forest products industry was emphasized, where new biofuels and other bioproducts will increasingly be manufactured in the coming years considering further complexity related to for example forest management, industrial symbiosis, energy use reduction, fuel switching and electrification, and CCUS. 
It was emphasized how the technology strategy (through process design) should serve a robust business strategy (through product design), resulting in a phased implementation strategy unique to every company. The pathway to net-zero or net-negative emissions is not a project, but a series of projects implemented in a phased manner to mitigate risk and must be flexible as it is implemented over the long term.


[bookmark: _Toc198704567]6. Impact of Emerging Technologies on Biorefineries and Emissions
Bio-based raw materials are undoubtedly a key element for a sustainable circular economy and for combating resource scarcity. The multi-product approach of biorefineries  aims to utilise as many partial streams as possible. However, it is crucial that the conversion processes in biorefineries are themselves designed to be resource- and energy-efficient. Measures for this include more efficient process technologies, systemic optimization (heat/process integration) or the integration of renewable energies. The latter is particularly relevant if biomass is predominantly converted to material products.
Emerging technologies have the potential to play a key role in realizing biorefinery concepts with net-zero or even negative emissions. Novel technological solutions can enable new process routes and/or significantly increase their efficiency. This higher resource-, energy- and conversion efficiency is crucial for new biobased processes to remain competitive and realise the goals of cleaner production: to increase overall product efficiencies while minimising resource demand and environmental impact. The following chapter introduces an example of an innovative reactor technology and discusses its potential effects on a net-zero concept. Task 11 aims to expand such a technology collection to highlight key enabling technologies for various processing steps in biorefining.

[bookmark: _Toc198704568]6.1. Oscillatory Flow Bioreactors for Processing of Biogenic Slurries
Oscillatory flow reactors represent a specialized class of continuous, structured reactors particularly well-suited for processes characterized by rather slow kinetics.  They are stationary tubular reactors equipped with baffles, which can be a simple thin helix at the inner side of the reactor wall. The oscillatory movement of the fluid decouples the particle velocity (linked to the oscillation) from the residence time (linked to the net flow). This makes oscillating flow reactors particularly suitable for biobased processes that require residence times in the order of magnitude of minutes to hours. The ability to convey viscous suspensions slowly and at the same time well-mixed increases mass transfer and at the same time enables feed streams to be processed as undiluted as possible without pre-treatment. This renders the overall process more efficient, achieves a higher product yield and a higher final product concentration, which brings advantages in downstream processing.
· Protein Hydrolysis from Spent Grain
Owing to its high biogas potential, spent grain can contribute significantly to the thermal energy supply of breweries. In addition to the long-standing practical demonstration at a large-scale Austrian brewery, a number of studies have investigated this potential.16–19 In recent years, however, a broader approach has been taken to not only focus on the energy potential of spent grains, but also to utilize them as a resource for the production of specific food and feed ingredients, supplementing its traditional use as animal feed.16,20–23 Figure 6 shows the integration point of a continuously operated oscillatory flow bioreactor (COFB) for protein extraction in a brewery concept.

[bookmark: _Ref195261014][bookmark: _Toc192199768][image: Das Bild stellt das Fließbild einer Brauerei dar und zeigt den Integrationspunkt für den Einsatz des oszillierenden Reaktors für die Proteinextraktion aus Biertreber. Nach der Proteinextraktion kann eine energetische Nutzung des verbleibenden Trebers in einer Biogasanlage folgen.]Figure 6. Process scheme of a brewery indicating the integration point of an oscillating flow bioreactor for protein hydrolysis.

A recent study demonstrated that protein extraction from brewer’s spent grain in a COFB was feasible at dry matter loadings of up to 15%, yielding high protein hydrolysate yields. (see Figure 7) The energy requirement for oscillatory flow in the continuous extraction process was less than 0.4 Wh/kg. These results indicate suggest that spent grains could potentially undergo protein hydrolysis in a continuous reactor directly after lautering, with little to no dilution of the feed stream required.
[bookmark: _Ref195263105][bookmark: _Ref192184849][bookmark: _Toc192199769][image: ]
[bookmark: _Ref197889163]Figure 7. Protein hydrolysis from brewer’s spent grain in the COFB at varying residence times and solid loadings (indicated by SL) at otherwise constant conditions: 200 mM NaOH, 50 °C.24


· Cellulose Hydrolysis
The hydrolysis of cellulose (and hemicellulose) is an essential step in biorefineries to obtain glucose (or C5 sugars from hemicellulose) as an intermediate platform chemical for various valorisation pathways. Achieving high product concentrations in at each stage of the process is vital to render the overall processing as productive and efficient as possible.
For cellulose hydrolysis, it has been shown that the COFB can process viscous cellulose suspensions containing up to 20% (w/w dry mass) cellulose. These high solid concentrations result in glucose concentrations in the hydrolysate of up to 40 g/L.
Besides confirming the processability of thick cellulose slurries, recent work also investigated the continuous removal of product during the biocatalytic process to mitigate product inhibition effects. Such in-line product outtake can be effectively implemented in continuous reactors. The results showed that specific glucose production (per weight of biocatalyst used) could be significantly increased through incorporated product removal, with enhancements of +33% at 17% solid concentration and +40% at 23% solid concentration.25,26 (see Figure 8) The study therefore highlights the possibility to overcome process limitations by technological innovations and to improve productivity. Increased productivity leads to greater process efficiency and can be an essential cornerstone to reduce product energy demand, which is an important step towards energy and emission optimization.
[image: A graph of a function

AI-generated content may be incorrect.]
[bookmark: _Ref195303934]Figure 8. Influence of in-situ product removal on the specific biocatalytic productivity (gglucose/gbiocatalyst) in the product inhibited enzymatic saccharification of a cellulosic substrate in the COFB at high solid substrate concentrations of 23% (w/w dry mass). conditions: Na-citrate buffer (20 mM, pH 5.25), biocatalyst-to-substrate ratio 3%, 50 °C, residence time 3 h, flow rate 228 mL/h, center-to-peak amplitude 10 mm, 1.5 Hz, product separation at half-way point in reactor.25


[bookmark: _Toc198704569]6.2. Outlook: Effects of New Technologies
The results of the use of emerging individual technologies show that individual new technology developments can make an important contribution to the energy efficiency of the process step, but also beyond that of the entire process concept. However, emerging process technologies are only one building block on the path of biorefineries towards net zero. Other key factors are the origin of the raw materials, the entire process design and value chain configuration, as well as the associated CO2 emissions and their management. Consequently, the integration of novel technologies – whether into existing systems or newly developed concepts – requires a holistic evaluation of their impact. In the last task period, the Austrian CircularFood project was initiated, which will evaluate the use of the above-mentioned process technologies in an entire process chain - the cascading utilization of food residues (see Figure 9). A key research question of the project is whether the cascading value creation approach with emergent technologies can ultimately lead to net zero or negative emission concepts for companies. Subtask 2 aims to collect answers to this research questions by international projects, seeking further examples and concluding analysis in future editions of this Perspective Article.

[bookmark: _Ref195365735][image: Ein Bild, das Text, Screenshot, Diagramm, Schrift enthält.
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Figure 9. The CircularFood Concept - increasing the value of food residues via new technologies (oscillatory flow reactors and membrane distillation) and cascading uses (proteins, biogas, fertilizer and peat substitutes)


[bookmark: _Toc198704570]7. Case Studies	
The following chapter presents a series of case studies that provide insights into the implementation and performance of biorefineries in different contexts. To ensure consistency and comparability, a structured case study format is pursued covering key aspects such as feedstock selection, technology pathways, environmental impacts, economic viability, and policy considerations. This standardized approach facilitates a comprehensive understanding of the challenges and opportunities within the biorefinery sector. Each case study highlights unique strategies for integrating advanced conversion technologies, optimizing resource efficiency, and achieving GHG reductions, while also considering market applications and regulatory frameworks. Through these real-world examples, the chapter aims to showcase best practices, technological advances, and lessons learned, ultimately supporting the broader goal of transitioning to net-zero and negative-emission industrial biorefineries.

	Case Study 1

	A) General Information

	Name of Biorefinery:
	Brewery (anonym)

	Location:
	Austria

	Objective:
	Beer production

	B) Feedstock Information

	Type of Feedstock:
	Mainly malt and water; spent grain as processing residue that is currently studied for further usages

	Feedstock Processing Capacity:
	Spent grain volumes of >15,000 tons/a

	C) Technology and Processes

	New Technologies studied in research projects:
	Protein extraction from spent grain via continuous oscillatory flow reactors; spent grain fermentation (already in place since 2017); digestate valorisation to bio-fertilizers via innovative membrane distillation and generation of peat-substitute materials for horticulture and agricultural purposes

	Integration:
	The brewery is currently integrated in a heat network with the neighbouring biomass plant; connections to the local wastewater grid is established, as well as connection to local gas grids planned.

	D) Products and Outputs

	Primary Products:
	Beer

	By-products:
	Protein extracts (research), biogas, biofertilizers and horticultural material (research)

	
	

	E) Environmental and Sustainability Metrics

	Life Cycle Assessment (LCA):
	upcoming

	Renewable Energy Contributions:
	100%

	Waste Management:
	Strategies for water recycling are in place; vision to full valorization of byproducts

	H) Challenges and Opportunities for novel processes based on spent grain valorization

	Technical Challenges:
	Novel processing routes are still under research; technical challenge to realize simple and energy efficient pathways that can be easily implemented on-site; challenge for large digestate storage needs

	Market Challenges:
	Low current production costs of fertilizers

	Opportunities:
	High demand for bio-vegan-protein products; no local liquid bio-fertilizers available, very high quality of the solid fraction of spent grain after fermentation (similar to white peat)

	I) Highlights

	Key Achievements:
	demonstrating technical feasibility for digestate separation to solid and liquid fractions in large scale; application of solid materials in first plant growing tests; technical feasibility of continuous oscillatory flow reactors for protein extraction from spent grain proven with solid content up to 15%.

	Future Plans:
	Further researching the holistic possibilities of spent grain valorization

	J) References
	

	Links:
	Publications:
Muster-Slawitsch B., Buchmaier J, Platzer C., Brunner C., Werner A., Breweries and their potential for sustainable circular economy concepts. Proceedings of the 34th VH Yeast Conference 2023. 34_VHYC_Proceedings_2023_final.pdf
Buchmaier, J.; Krampl, S.; Eibinger, M.; Kaira, G.S.; Nidetzky, B.; Muster -Slawitsch, B. Continuous Oscillatory Flow as Process Intensification Strategy in Protein Extraction from Brewer’s Spent Grain. Chemical Engineering and Processing - Process Intensification 2024, 200, 109772, doi:10.1016/j.cep.2024.109772.
Platzer, C. Valorisation of Biogas Digestate through Nutrient Recovery by Means of Membrane Distillation - The “BioProfit” Project. Presented at the Progress in Manure & Digestate 2024, International Online Conference, 2024.

	Contact:
	Bettina Muster-Slawitsch, AEE INTEC (research institution)





	Case Study 2

	A) General Information

	Name of Biorefinery:
	TUW Organosolv Pilot Plant

	Location:
	Austria

	Ownership and Partners:
	Technische Universität Wien

	Objective:
	Demonstration plant

	B) Feedstock Information

	Type of Feedstock:
	Wheat straw, hardwood and softwood sawmill residues, vineyard pruning residues.

	Availability and Supply Chain:
	No information available.

	C) Technology and Processes

	Core Technologies Used:
	The biorefinery employs Liquid hot water (LHW), Organosolv (OS), solvent recovery using membrane filtration and distillation, and precipitation techniques to produce nanolignin particles.

	Stages of Conversion:
	Pretreatment of wheat straw using organosolv extraction, followed by precipitation to form nanolignin particles.

	Integration:
	Energy integration using Pinch technology (theoretical, after upscaling up to a production capacity of 12 t/h) resulted in an exergy efficiency of 92%.

	D) Products and Outputs

	Primary Products:
	Sulfur-free nanolignin particles, approximately 100 nm in size, with precipitation yields greater than 65 wt%.

	By-products:
	Utilization of cellulose and mixed sugar streams to produce high-value products.

	Market Applications:
	Lignin-based materials and bioplastics.
Cellulose applications in paper and bio-based industries.
Sugars for biochemical and biofuel production.

	E) Environmental and Sustainability Metrics

	Life Cycle Assessment (LCA):
Conducted using GaBi software, following ISO 14040 and 14044 standards, using the ReCiPe 2016 v1.1 (Midpoint) methodology.
	Key impact values (per kg of processed wet wheat straw):
Global Warming Potential (GWP)
· excl. biogenic carbon: 0.50 to 0.68 kg CO₂ eq.
· incl. biogenic carbon: -1.06 to -0.88 kg CO₂ eq.
Water Use: 90-143 kg
Water use is mainly driven by:
· Ethanol recovery.
· Washing steps.
· Membrane filtration and purification.
Land Use Change (Land Occupation Potential)
· 1.89-2.46 annual crop eq.
Main drivers of land use impact:
· Biomass cultivation for wheat straw feedstock.
· Bioethanol production.
· Energy demands for solvent recovery and process heating.

	Waste Management:
	Side streams that cannot be utilized economically for material production are designated for energy production, with the secondary objective of conserving nutrients to be returned to farmers as fertilizer, thereby closing the cycle.

	F) Economic Performance (based on process simulation and estimations)

	Production Costs:
	Raw materials (feedstock and solvents) account for ~45 % of costs. Utilities contribute ~34 %.

	Economic Viability:
	Economic analyses indicate that nano-lignin contributes significantly to revenues, with a share of around 50 % to 80 % for hardwood and softwood, respectively, and 34 % to 65 % for wheat and maize straw. Payback period 4-11 year, with ROI 21-182 %.

	Scale:
	Biorefinery operates as a pilot facility.

	G) Policy and Regulatory Context

	No information available.

	H) Challenges and Opportunities

	Technical Challenges:
	Need for further optimization of solvent recovery.
Variability in lignocellulosic feedstock affecting process efficiency.

	Market Challenges:
	Commercial adoption of lignin-based products still developing.
Economic feasibility depends on CLP market demand.

	Opportunities:
	Sequential LHW-OS pretreatment enhances economic and environmental performance.
Potential expansion to other lignocellulosic feedstocks.

	I) Highlights

	Key Achievements:
	Proper process sequencing improves efficiency.

	Lessons Learned:
	Economic viability depends on reducing energy and solvent demands.

	Future Plans:
	Further optimization of process integration.
Scaling up from conceptual design to pilot and industrial levels.

	J) References
	

	Links:
	Miltner, A., Miltner, M., Beisl, S., Wukovits, W., Harasek, M., Koch, D., Mihalyi, B., Friedl, A., 2018. Development of an Organosolv Biorefinery Based on Nanolignin as Main Product 94, 15–26.
Serna-Loaiza, S., Emeder, P., Molaro, N., Daza-Serna, L., Köck, B., Mihalyi-Schneider, B., Friedl, A., 2024. Combinatorial liquid hot water and organosolv pretreatment of wheat straw: Techno-economic and environmental assessment.
Weinwurm, F., Drljo, A., Waldmüller, W., Fiala, B., Niedermayer, J., Friedl, A., Lignin concentration and fractionation from ethanol organosolv liquors by ultra- and nanofiltration, J. Cleaner Production, 2016. 136: p. 62-71.
Koch, D., Paul, M., Beisl, S., Friedl, A., Mihalyi, B., 2020. Life cycle assessment of a lignin nanoparticle biorefinery: Decision support for its process development. Journal of Cleaner Production 245, 118760. https://doi.org/10.1016/j.jclepro.2019.118760

	Contact:
	Michael Harasek, TU Wien.





	Case Study 3

	A) General Information

	Name of Biorefinery:
	Various (e.g., LIGNOFLAG,27 POET-DSM Project LIBERTY,28 GranBio,29 Raízen,30 Beta Renewables31)

	Location:
	USA, Brazil, Germany, Italy, China

	Date Established:
	2010s – present

	Ownership and Partners:
	Companies like Clariant, POET-DSM, Raizen, GranBio, DuPont, Beta Renewables, governments, and private investors

	Objective:
	Large-scale production of second-generation bioethanol to reduce fossil fuel dependency.

	B) Feedstock Information

	Type of Feedstock:
	Agricultural residues (corn stover, wheat straw, sugarcane bagasse), forestry waste, municipal solid waste, energy crops (miscanthus, switchgrass).

	Availability and Supply Chain:
	Locally sourced; logistics involve collection, transport, and storage agreements with farmers, forestry, and waste management sectors.

	Feedstock Processing Capacity:
	200,000 – 750,000 metric tons annually depending on facility.

	C) Technology and Processes

	Core Technologies Used:
	Enzymatic hydrolysis, steam explosion, fermentation (yeast and bacterial strains), gasification (for syngas conversion).

	Stages of Conversion:
	Pre-treatment (drying, shredding, densification), enzymatic hydrolysis, fermentation, ethanol purification.

	Integration:
	Co-located with first-gen ethanol plants, pulp & paper industries, sugar mills, chemical plants.

	D) Products and Outputs

	Primary Products:
	Second-generation bioethanol (fuel-grade).

	By-products:
	Lignin-rich residues (bio-based materials, energy generation), biogas, animal feed protein fractions.

	Market Applications:
	Transport fuels, aviation biofuels, chemical industry feedstocks.

	E) Environmental and Sustainability Metrics

	Life Cycle Assessment (LCA):
	50-90% GHG emissions reduction compared to fossil fuels.

	Renewable Energy Contributions:
	100% renewable energy use in some facilities.

	Waste Management:
	Water recycling, co-product valorization to reduce waste.

	F) Economic Performance

	Production Costs:
	$0.80 - $1.50 per liter ethanol.

	Economic Viability:
	Subsidized through government incentives, cellulosic RIN credits (US), EU funding, Brazilian RenovaBio carbon credits.

	Jobs Created:
	100-500 per facility.

	Scale:
	Ranges from demonstration to commercial scale.

	G) Policy and Regulatory Context

	Regulatory Compliance:
	EU RED II, US Renewable Fuel Standard (RFS), Brazil RenovaBio

	Incentives and Subsidies:
	Horizon 2020 (EU), US Cellulosic Waiver Credits, tax incentives in Brazil and China

	H) Challenges and Opportunities

	Technical Challenges:
	High enzyme costs, feedstock logistics, process efficiency.

	Market Challenges:
	High CAPEX, fossil fuel price volatility, policy uncertainty.

	Opportunities:
	Growth in aviation biofuels, carbon-negative fuels, co-production valorization.

	I) Highlights

	Key Achievements:
	Commercial scale cellulosic ethanol plants operational (GranBio, POET-DSM, Raízen).

	Lessons Learned:
	Need for long-term policy support, supply chain optimization.

	Future Plans:
	Expansion into municipal solid waste, alternative feedstocks, process efficiency improvements.

	J) References
	

	Links
	Reports from IEA Bioenergy,32 EU Horizon 2020,33 US DOE Bioenergy Technologies Office34

	Contact details
	Industry leaders (Clariant, POET-DSM, Raízen, GranBio), bioenergy research institutions





	Case Study 4

	A) General Information

	Name of Biorefinery:
	Various (e.g., Fulcrum BioEnergy,35 Neste,36 Gevo,37 Velocys,38 LanzaJet39)

	Location:
	USA, Finland, UK, Singapore, Brazil

	Date Established:
	2010s – present

	Ownership and Partners:
	Companies like Neste, Fulcrum BioEnergy, Gevo, Velocys, LanzaJet, Airbus, Boeing, governments, and private investors

	Objective:
	Large-scale production of sustainable aviation fuels (SAF) to decarbonize air travel.

	B) Feedstock Information

	Type of Feedstock:
	Municipal solid waste (MSW), agricultural residues, forestry waste, used cooking oil (UCO), algae, and CO2-based synthetic pathways.

	Availability and Supply Chain:
	Sourced from waste management companies, agricultural and forestry sectors, and industrial CO2 capture.

	Feedstock Processing Capacity:
	100,000 – 1,000,000 metric tons annually depending on facility.

	C) Technology and Processes

	Core Technologies Used:
	Fischer-Tropsch (FT) synthesis, Hydroprocessed Esters and Fatty Acids (HEFA), Alcohol-to-Jet (ATJ), Powert-to-Liquid (PtL), Gasification

	Stages of Conversion:
	Feedstock preprocessing, chemical conversion (hydroprocessing, gasification, fermentation), fuel upgrading.

	Integration:
	Often co-located with refineries, waste processing plants, and carbon capture facilities.

	D) Products and Outputs

	Primary Products:
	Sustainable Aviation Fuel (SAF), renewable diesel.

	By-products:
	Naphtha, renewable gases, biochar.

	Market Applications:
	Commercial aviation, military aviation, corporate aviation fuel.

	E) Environmental and Sustainability Metrics

	Life Cycle Assessment (LCA):
	50-80% GHG emissions reduction compared to fossil-based jet fuel.

	Renewable Energy Contributions:
	Some facilities operate on 100% renewable energy.

	Waste Management:
	Utilization of non-recyclable waste, valorization of co-products.

	F) Economic Performance

	Production Costs:
	$1.20 - $3.00 per liter of SAF.

	Economic Viability:
	Supported through carbon credits, aviation fuel mandates, and government incentives.

	Jobs Created:
	200-1000 per facility.

	Scale:
	Ranges from pilot to commercial scale.

	G) Policy and Regulatory Context

	Regulatory Compliance:
	Compliance with CORSIA, EU RED II, US SAF Grand Challenge

	Incentives and Subsidies:
	Blender’s tax credits, EU Horizon fundings, US Low Carbon Fuel Standards (LCFS)

	H) Challenges and Opportunities

	Technical Challenges:
	Feedstock availability, cost-effective scaling of synthetic fuel pathways.

	Market Challenges:
	High CAPEX, price competition with fossil-based jet fuels.

	Opportunities:
	Growth in SAF demand, technological advancements in PtL and CO2-derived fuels.

	I) Highlights

	Key Achievements:
	First commercial-scale SAF flights, partnerships with airlines and aircraft manufacturers.

	Lessons Learned:
	Importance of policy support, innovation in feedstock diversification.

	Future Plans:
	Expansion into synthetic e-fuels, increased production capacity, integration with hydrogen economy

	J) References
	

	Links
	Reports from ICAO,40 IATA,41 US DOE,34 European SAF Policy Framework42

	Contact details
	Industry leaders (Neste, Gevo, Velocys, LanzaJet), aviation regulatory bodies





	Case Study 5

	A) General Information

	Name of Biorefinery:
	Various (e.g., HIF Global,43 Air Liquide,44 Ørsted,45 Sunfire,46 Shell REFHYNE47)

	Location:
	USA, Chile, Germany, Australia, UAE, Japan, China

	Date Established:
	2010s – present

	Ownership and Partners:
	Companies like Air Liquide, Ørsted, Shell, Sunfire, Siemens Energy, HIF Global, governments, and private investors

	Objective:
	Large-scale production of green hydrogen and synthetic e-fuels for transport and industry.

	B) Feedstock Information

	Type of Feedstock:
	Renewable electricity (solar, wind, hydro), water (for electrolysis), and captured CO2.

	Availability and Supply Chain:
	Sourced from renewable energy grids, industrial CO2 capture, and direct air capture (DAC).

	Feedstock Processing Capacity:
	Electrolyzers range from 10 MW (pilot scale) to 2 GW (large-scale facilities).

	C) Technology and Processes

	Core Technologies Used:
	Electrolysis (PEM, Alkaline, SOEC), Fischer-Tropsch synthesis, Methanol-to-Jet, Reverse Water-Gas Shift (RWGS).

	Stages of Conversion:
	Electrolysis, hydrogen production, CO2 capture, synthetic fuel refining.

	Integration:
	Often co-located with wind/solar farms and industrial CO2 capture sites.

	D) Products and Outputs

	Primary Products:
	Green Hydrogen (H2), E-methanol, synthetic SAF, E-diesel, E-gasoline.

	By-products:
	Oxygen (from electrolysis), water, heat (used for district heating).

	Market Applications:
	Aviation, shipping, heavy-duty transport, industrial chemicals, power generation.

	E) Environmental and Sustainability Metrics

	Life Cycle Assessment (LCA):
	90-100% CO2 reduction compared to fossil fuels.

	Renewable Energy Contributions:
	100% renewable electricity (wind, solar, hydro).

	Waste Management:
	Water recycling, by-product heat utilization.

	F) Economic Performance

	Production Costs:
	Green hydrogen: $3 – $7/kg H2, synthetic fuels: $1.5 – 4$/liter.

	Economic Viability:
	Supported through EU Green Deal, US Inflation Reduction Act, National Hydrogen Strategies.

	Jobs Created:
	300-2000 per facility.

	Scale:
	Pilot to commercial scale (>1GW electrolysis).

	G) Policy and Regulatory Context

	Regulatory Compliance:
	EU Fit for 55, US IRA (Hydrogen Production Tax Credit), Japan Green Hydrogen Roadmap

	Incentives and Subsidies:
	Carbon contracts for difference (CCfD), Hydrogen subsidies (EU, US, Australia, Japan, UAE)

	H) Challenges and Opportunities

	Technical Challenges:
	Electrolyzer cost reduction, CO2 capture efficiency, fuel scalability.

	Market Challenges:
	High CAPEX, fossil fuel price volatility, infrastructure development.

	Opportunities:
	Growth in hydrogen-powered transport, industrial decarbonization, expansion of PtL fuels.

	I) Highlights

	Key Achievements:
	First large-scale e-fuel plants (HIF Global, Sunfire, Ørsted, Shell) operational.

	Lessons Learned:
	Importance of long-term policy support, electrolyzer scaling, and CO2 capture logistics.

	Future Plans:
	Expansion into hydrogen hubs, PtL fuels for aviation and shipping, hydrogen storage advancements.

	J) References
	

	Links
	Reports from IEA Hydrogen Report,48 EU Hydrogen Strategy,49 US DOE Hydrogen Roadmap50

	Contact details
	Industry leaders (HIF Global, Sunfire, Air Liquide, Ørsted, Shell), hydrogen regulatory bodies





[bookmark: _Toc198704571]8. Business Models and Financing	
The transition to sustainable biorefineries requires significant investment and innovative financing mechanisms to ensure economic viability and scalability. Given the capital-intensive nature of biorefinery projects, multiple funding sources and business models must be leveraged to improve project feasibility and attract investors.

Investment Opportunities and Financing Mechanisms
Biorefineries offer significant investment opportunities across the bioeconomy, energy and circular economy sectors. Private investors, venture capital firms and institutional investors, including pension funds, are increasingly exploring bio-based projects as part of their sustainable investment portfolios. Key financing mechanisms include equity investments, green bonds and concessional loans, which provide long-term capital to de-risk projects. The use of impact investment models has also increased as investors seek both financial returns and measurable environmental benefits (IEA, 2021).51
One study puts the median unit capital cost at 757 USD per ton for a dry corn mill ethanol plant for example. However, it is 2,899 USD per ton for a lignocellulosic plant and 3,042 USD per ton for a thermochemical ethanol plant. For oil‐to‐biodiesel plants, the median capital expenditure is 465 USD per ton, and for crushing‐to‐biodiesel plants it is 751 USD per ton. 52 This is to show the wide range of values that we might see, and the relatively high ones.

Overview of Financial Incentives for Biorefinery Projects
Several governments and international organizations offer financial incentives to support the development and commercialization of biorefineries. These incentives include:
•	Subsidies and grants: Programs such as the EU's Horizon 2020, the U.S. Department of Energy's (DOE) bioenergy initiatives, and the Bio-Based Industries Joint Undertaking (BBI JU) offer direct financial support.
•	Tax incentives: Carbon tax credits, investment tax credits (ITCs), and accelerated depreciation allowances help reduce upfront costs.
•	Loan guarantees: Government-backed financial institutions such as the European Investment Bank (EIB) and the U.S. Export-Import Bank (EXIM) offer guarantees to reduce investment risk.

Public-Private Partnerships (PPPs) and Potential Sources of Financing
PPPs play a critical role in bridging the gap between public research funding and private sector commercialization. Joint ventures between governments, research institutions, and private companies have accelerated the deployment of large-scale biorefineries. Examples include the U.S. DOE's collaboration with industry leaders through the Bioenergy Technologies Office (BETO) and Germany's Fraunhofer Institute's partnerships with industry players. International development banks such as the World Bank and the Asian Development Bank (ADB) are also funding biorefinery projects in emerging markets.
[bookmark: _Hlk201522394]Carbon Trading and Financial Incentives
Carbon pricing mechanisms are becoming an integral part of biorefinery business models. The two primary financial instruments in carbon trading are
· Carbon credits: Organizations that capture and trading mechanisms sequester carbon through biobased processes can sell carbon credits to incentivize polluters in compliance or voluntary carbon markets.
· Emissions Trading Systems (ETS): The EU ETS and California's cap-and-trade programs provide financial incentives to industries that invest in carbon-neutral or negative-emission biorefinery projects (World Bank, 2022).53

	[bookmark: _Hlk201522484]► Primary Funding Mechanisms

	· Private investors, green bonds, concessional loans.

	► Support

	· EU Horizon 2020, U.S. DOE, tax credits, loan guarantees.

	► Public-Private Partnerships (PPPs)

	· Joint ventures, e.g., BETO, Fraunhofer Institute, World Bank, ADB.

	► Carbon Trading & Capture

	· Carbon credits & ETS (EU ETS, California cap-and-trade).
· profitable if carbon prices >$50/ton; co-products boost revenue.

	► Risk & Feasibility:

	· Key strategies: Supply agreements, offtake contracts, insurance.

	► Evaluation Methods:

	· CAPEX, OPEX, levelized cost of production (LCOE),54 cost-benefit analysis.

	► Conclusion:

	· Scaling biorefineries needs blended financing, risk mitigation & policy support, Carbon Trading & Capture.



[bookmark: _Hlk201522684]Financial Viability of Carbon Capture Technologies
The financial viability of Carbon Capture and Utilization (CCU) technologies in biorefineries depends on policy frameworks and market conditions. Studies have shown that integrating CO₂ capture into biofuel production can improve economic returns when carbon credit prices exceed $50 per ton (IEA, 2022).55 In addition, co-products such as biochar and renewable methane further improve profitability by generating additional revenue streams.

[bookmark: _Hlk201522729]Risk Management and Feasibility
Managing risk in biorefinery investments requires a comprehensive understanding of market trends, feedstock availability, and technology performance. Common risk mitigation strategies include:
· Feedstock supply agreements to ensure consistent feedstock inputs.
· Offtake agreements, where end users commit to purchase biofuels or biochemicals over a fixed period.
· Insurance instruments to hedge against operational risks and price volatility.
· Funding R&D efforts for technological development.

Techno-Economic Analyses to Assess Feasibility and Scalability
Techno-economic analysis (TEA) is essential for evaluating the financial and operational viability of biorefinery projects. It is suitable for projects with Technology Readiness Levels (TRL) 6 and above, where a demo-scale plant is to be set up and run to show the technological potential and further develop it for greater scale-ups. Capital investments often cover construction, equipment, and some R&D costs; hence, investors often expect to see some return from an operating plant, and demonstration of a viable business model. TEA is also concerned with operating expenses, revenues, and operational feasibility; the former materializes once a demo-site is up and running with a batch-production capacity at least, and the latter optimizes the supply chain of the running demo in order to lower costs and speed delivery of product. 
A TEA study should be able to represent a biorefinery as a cashflow model with reliable estimates for setup costs, running costs, and salvage value. Such estimates are based on an operational demo-site and expert input for future forecasts and further upscaling. From this point, one can attract bigger investments for full-scale production by showing attractive return on investments, “short” payback periods, cost-benefit analysis, and stable revenue growth if applicable. 

Cost-Benefit Analysis to Evaluate Process Complexity vs. Simplicity
A cost-benefit analysis (CBA) helps determine whether advanced or simplified biorefinery models provide better returns. While multi-product biorefineries with advanced separation and conversion technologies offer higher value extraction, they often require higher CAPEX and longer payback periods. Simpler biorefineries focused on fewer high-value outputs (e.g., bioethanol or biodiesel) can reduce financial risk and more easily attract investors.

Financing biorefineries will require a combination of public and private financing mechanisms, effective risk management strategies, and financial incentives such as carbon trading and tax credits. The use of techno-economic assessments and cost-benefit analyses will be critical in determining the most financially viable ways to scale up sustainable biorefineries worldwide.


[bookmark: _Toc198704572]9. Challenges and Obstacles
[bookmark: _Hlk201522921]The transition to sustainable energy and green technologies is fraught with economic challenges, including the green premium, which refers to the higher costs associated with clean energy alternatives compared to fossil-fuel-based counterparts.56 High initial investment costs pose a significant barrier, particularly for emerging technologies, as they struggle to compete with well-established fossil fuel industries that benefit from decades of infrastructure development and government support (IRENA, 2020).57 Critically, when considering energy generation specifically, renewable energy requires a greater initial capital expenditure per kWh of energy output compared to fossil fuel-based facilities, though its operating costs are lower due to the absence of fuel expenses. As these upfront costs are a significant hurdle to implementation, they slow adoption. These types of challenges can be labelled as ”supply challenges” and are addressed by funding more R&D work that improves the above-mentioned technical obstacles and by governmental financial support in building out renewable – including bio-based – energy infrastructure.
From the expected operational side, biorefineries face uncertainty in returns from carbon trading and subsidies (OECD, 2021).58 Green technologies must also compete with other renewable energy sources, such as wind, solar, hydro, and geothermal, as well as from electric vehicles and related products, each vying for limited resources and market adoption (IEA, 2022).59 This type of challenge can be labelled as ”demand challenges” and can be addressed through policies and education.
With respect BECCS as a specific negative emission pathway for biorefineries, process efficiencies and associated costs remain a key challenge. With carbon capture costs of around $60 per ton of CO2 their economic viability is highly dependent on policies and markets setting sufficiently high carbon prices. Here too, further advancements in carbon capture technologies enabling lower cost capture would greatly improve economic resilience and drive adoption.60
Regarding the overall objective of reaching Net Zero, it is evident that the increased use of biomass will be critical. Especially as key industrial process and transportation modes that cause particularly hard-to-abate emissions need to be compensated for by negative emission technologies that rely on the use of biomass. In this context, a negative perception of biomass use among the general public, policy makers or stakeholders poses a central sociopolitical challenge that needs to be eased by targeted communication and dissemination efforts.13
Finally, regulatory and policy challenges are still present as gaps in governance, inconsistencies in policy frameworks across jurisdictions, and varying definitions and standards, such as system boundaries in LCA and interpretations of net-zero emissions, create ambiguity and hinder cohesive market growth (UNEP, 2021).61 Addressing these challenges requires coordinated global policy efforts, sustained financial incentives, and standardized sustainability metrics to level the playing field for green innovations.
[bookmark: _Toc198704573][bookmark: _Hlk169181874]10. Future Developments and Trends
[bookmark: _Hlk201523027]Achieving net-zero emissions in biorefineries requires a forward-thinking approach that integrates technological advancements, policy support, and market adaptation. The development of these facilities will follow a phased strategy, beginning with pilot projects that validate emerging technologies, followed by scaling up production to commercial levels, and ultimately integrating circular economy principles for full industrial adoption. This structured progression will be necessary so that biorefineries can evolve efficiently and profitably while responding to changing market dynamics, regulatory frameworks, and technological breakthroughs.
Optimizing unit operations will play a critical role in the success of Net Zero biorefineries. Process efficiency must improve to reduce energy consumption and resource use, while advanced separation technologies will be adopted to maximize bio-based product yields. Heat recovery systems and process integration further contribute to reducing energy demands and emissions, ensuring that biorefineries operate with minimal environmental impact. Energy demand for the biorefining operations should be supplied by renewable energy, from own or external sources. Industrial symbiosis can facilitate optimized resource and energy use across company borders.
A stable and sustainable feedstock supply is equally essential for long-term viability. As such, a diversified portfolio of biomass sources will be desirable to mitigate overreliance risks related to resource availability and price fluctuations. Consequently, this will drive the demand for more and more biomass-agnostic technologies and valorization pathways. Additionally, improved biomass logistics and preprocessing techniques do have to potential to reduce supply chain emissions, while incorporating renewable energy sources such as solar and wind into industrial processes can further accelerate decarbonization efforts. Hydrogen production is set to play a crucial role in industrial decarbonization. The expansion of green hydrogen, produced via electrolysis powered by renewable energy, will provide a cleaner alternative to traditional hydrogen sources. Additionally, biomass gasification offers another avenue for biohydrogen production, reinforcing the role of biorefineries in a Net Zero future of the industrial era.50 Strengthening hydrogen storage and distribution infrastructure will be necessary to facilitate its broader industrial application. 
Negative emission technologies will be integral to achieving Net Zero, with potential synergies between carbon capture methods and existing bio-based industries. CCS can be combined with biorefinery operations to capture and store industrial emissions,62 while BECCS has a promising prospect to achieve net-negative emissions by removing CO2 from the atmosphere while generating energy. Where energetically feasible, captured carbon may be repurposed to produce synthetic fuels and chemicals, creating value-added products while potentially creating net-zero concepts.63 The kinetics of Carbon outtake processes, conversion and re-emission processes during product use phase, will eventually influence the actual impact to atmospheric carbon levels. The future of net-zero and negative emission biorefineries depends on a combination of technological innovation, strategic scaling, and integration with broader sustainability initiatives. By optimizing operational efficiency, diversifying feedstocks, leveraging renewable energy, and deploying negative emissions technologies, biorefineries can become key drivers of global decarbonization. Although the pathway to net-zero is complex, it remains an attainable goal through a coordinated and multifaceted approach that balances economic viability with environmental responsibility.
[bookmark: _Toc198704574]11. Conclusions
[bookmark: _Hlk201523091]The discussion within the Task 11 expert group of projects in which net-zero and/or negative emission concepts have been developed has clearly shown that achieving net-zero emission biorefineries requires a holistic approach that integrates a multitude of technologies and valorization pathways. The combination of renewable feedstocks, flexible and scalable biorefinery designs, and strategic deployment of negative emission technologies is essential to advancing the sector toward climate-positive operations. Our Task 11 workshops on system boundaries for scientific evaluation of net-zero concepts, have concluded that life cycle assessments (LCA) and techno-economic analyses (TEA) are central in in guiding technology development and optimizing biorefinery configurations for environmental and economic sustainability. Moreover, well-designed CO2 governance frameworks and financial incentives are vital in accelerating widespread adoption and commercial viability.
Lessons from industrial transformation underscore the necessity of phased implementation strategies, recognizing that the transition to Net Zero is not a singular shift but a continuous evolution. This has been well shown in the work of industry projects and case studies. Biorefinery development serves as a crucial pillar in decarbonizing carbon-intensive sectors, necessitating strategic decisions that carefully balance risk and return in emerging bio-based technologies. The successful deployment of biorefineries depends on policy support, market-driven incentives, and technological innovations aligning to create a sustainable industrial ecosystem. Current challenges, such as biomass availability, intrinsic energy demand e.g. of biorefining operations and carbon capture techniques, availability of renewable energy sources or soil activation by biogenic-C products must be openly discussed and tackled, leading to regional sustainable biorefining concepts.
Looking ahead, industries must integrate scalable, low-carbon technologies into capital investment planning, ensuring long-term resilience and profitability. Biogenic carbon management presents opportunities for new revenue streams, while the incorporation of negative emission technologies allows operations to move beyond Net Zero towards climate-positive outcomes. A flexible, multi-phase adaptation strategy will be key to mitigating risks and fostering industrial decarbonization. By embracing these principles, the biorefinery sector may play a transformative role in the global effort to combat climate change and build a sustainable future. IETS Task 11 will continue to bring together lessons-learnt from various biorefinery projects across the world, in order to identify crucial aspects in the development of net-zero/negative emission biorefineries, and to formulate the relevant research topics that will be required to overcome existing challenges in their realization.
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[bookmark: _Hlk201523148]Table 1: Agenda of the international workshop on decision-making for new biorefinery pathways that took place in Graz (Austria) and was organized within the framework of IEA IETS Task 11 in April 2024.
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	Session
	Session Lead

	09:00 – 09:30 CET
03:00 – 03:30 EST
	Welcome, in person and on-line roundtable introductions, meeting objectives, review of workshop agenda, explanation interactive session
	Paul Stuart
Polytechnique Montréal &
EnVertis Consulting (CAN)

	09:30 – 09:45 CET
03:30 – 03:45 EST
	IETS news and updates
	Thore Berntsson
IETS (SWE)

	09:45 – 10:30 CET
03:45 – 04:30 EST
	Overview of I-BIOREF as an example of a biorefinery strategy decision-making platform
	Marzouk Benali
NRCan/CanmetENERGY (CAN)

	10:30 – 11:00 CET
04:30 – 05:00 EST
	Health Break

	11:00 – 12:00 CET
05:00 – 06:00 EST
	Decision-making challenges related to Subtask on “Decision support systems and ex-ante research for assessing biorefineries”
	Paul Stuart
Polytechnique Montréal &
EnVertis Consulting (CAN)

	12:00 – 13:00 CET
06:00 – 07:00 EST
	Lunch

	13:00 – 14:00 CET
07:00 – 08:00 EST
	Decision-making challenges related to Subtask on “Technology pathways towards net-zero/negative emission biorefineries”
	Bettina Muster
AEE Institute for Sustainable Technologies (AUT)

	14:00 – 15:00 CET
08:00 – 09:00 EST
	Decision-making challenges related to Subtask on
“The circular bioeconomy and biomass-oriented industrial symbiosis”
	Jorge Costa
Instituto Superior de Educação e Ciências (PRT)

	15:00 – 15:30 CET
09:00 – 09:30 EST
	Health Break

	15:30 – 16:30 CET
09:30 – 10:30 EST
	Addressing the key issues using a decision-making platform
	Marzouk Benali
NRCan/CanmetENERGY (CAN)

	16:30 – 17:00 CET
10:30 – 11:30 EST
	Facilitated wrap-up discussion
	Thore Berntsson 
Marzouk Benali
Paul Stuart

	17:00 CET
11:00 EST
	Meeting adjourned
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