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3-PLATFORM BIOREFINERY (C5/C6 SUGARS, LIGNIN-ENERGY, VINASSE-
BIOFERTILIZER) USING LIGNOCELLULOSIC BIOMASS STRAW FOR ADVANCED 
BIOFUEL PRODUCTION 

This case study presents a comprehensive Technical, Economic, and Environmental (TEE) assessment 

of a lignocellulosic ethanol biorefinery that converts agricultural residues—primarily cereal straw—

into second-generation (2G) bioethanol, process steam, and electricity. Biotechnological conversion 

of lignocellulose represents a key pathway for sustainable biofuel production and is increasingly 

viewed as central to circular economy strategies and net-zero emission targets. 

The assessment is based on 

a commercial-scale 

biorefinery in Europe; 

however, it should be noted 

that the data are derived 

from literature and 

technology provider inputs 

and may not fully reflect 

actual operating conditions. 

The facility processes 

approximately 270,000 

tonnes of straw annually, 

yielding around 50,000 

tonnes of advanced ethanol. 

The plant operates with an 

integrated lignin-based 

combined heat and power 

(CHP) unit, supplying 

approximately 0.71 MJ 

steam and 0.15 MJ 

electricity per MJ ethanol, 

with an additional 0.13 MJ 

electricity sourced 

externally. Lignin, a major 

by-product of pretreatment 

and hydrolysis, is fully 

utilized on-site for process 

energy, enhancing overall 

system efficiency. Vinasse, 

another co-product (~1.54 t 

per t ethanol), is recycled as 

agricultural fertilizer or 

tested for energy 

applications such as co-firing or 

anaerobic digestion. 

Economic analysis indicates annual revenues of approximately €48.7 million, including €46.2 million 

from ethanol sales (at €0.73/L) and €2.5 million from vinasse valorization, against total operating 

costs of roughly €48 million, resulting in a projected annual profit of €0.7 million. Capital 

expenditures, feedstock logistics, and chemicals inputs constitute the major cost shares, while 

internal energy generation reduces exposure to external energy prices. More favorable scenarios, such 

as optimized co-product valorization or policy support mechanisms, could further improve 

profitability. 

Figure 1: Basic flow chart of the advanced biofuel plant case 
study 
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Importantly, life cycle analysis (LCA) conducted under EU RED II and ISO 14040/44 frameworks 

indicates GHG emission reductions of up to 92% compared to fossil gasoline, particularly under 

scenarios using 100% renewable electricity. The biorefinery thus meets stringent sustainability criteria 

and demonstrates strong climate performance. 

Demand for drop-in biofuels, sustainable aviation fuels, and renewable ethanol for chemical industries 

continues to grow. Integration of lignocellulosic ethanol into existing fuel and petrochemical 

infrastructures is emerging as a scalable and policy-aligned solution for industrial decarbonization. 

This study highlights lignocellulosic ethanol as a technically mature, economically viable, and 

environmentally superior route for bioenergy valorization. While investment requirements and supply 

chain coordination remain challenges, the concept shows considerable promise, especially when 

embedded within regional circular value chains and supported by enabling policy frameworks. 
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Figure 2: Comparison of biorefinery and petroleum refinery pathways for fuel and chemical production. 

The figure illustrates the conceptual symmetry between biorefineries and petroleum refineries — 

both convert complex raw materials into fuels and chemical products. 

However: 

• Biorefineries rely on renewable, biological resources and yield bio-based fuels (e.g., 

ethanol). 

• Petroleum refineries depend on non-renewable fossil feedstocks and produce fossil-based 

fuels. 

This comparison highlights the transition toward sustainable fuel production and how biorefineries 

can complement or eventually substitute traditional refineries. 
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1. Introduction 

Global energy systems are undergoing a fundamental 

shift driven by climate imperatives and the need to 

replace finite fossil resources with renewable 

alternatives. In this transition, biorefineries—industrial 

facilities that convert biomass into fuels, energy, and 

value-added co-products—are emerging as strategic 

assets for building a resilient, low-carbon bioeconomy. 

Among various biorefinery pathways, the enzymatic-thermochemical conversion of lignocellulosic 

residues into ethanol and renewable process energy offers particular promise for addressing hard-to-

abate emissions while advancing circularity in agriculture and industry. 

The 3-platform lignocellulosic ethanol biorefinery assessed in this case study exemplifies this 

approach. It utilizes underused cereal straw as feedstock and integrates three value streams: 

advanced bioethanol, on-site renewable energy from lignin combustion, and vinasse valorization. In 

this system, straw is pretreated and hydrolyzed enzymatically to release fermentable sugars, which 

are converted into ethanol via tailored microbial fermentation. The insoluble lignin fraction is 

combusted in a combined heat and power (CHP) unit to meet the plant’s internal thermal and partial 

electrical demands. The remaining liquid residue, vinasse, is recovered as a nutrient-rich co-product 

and applied in agriculture or explored for energy uses such as anaerobic digestion or co-firing. 

Unlike conventional biorefineries focused on single outputs, this lignocellulosic pathway demonstrates 

efficient polygeneration: it produces an advanced drop-in biofuel, reduces dependence on external 

energy inputs, and recycles co-products within regional nutrient and energy loops. With an annual 

input of approximately 270,000 tonnes of straw, the plant yields around 50,000 tonnes of ethanol, 

while internally generating up to 0.71 MJ of process steam and 0.15 MJ of electricity per MJ ethanol 

through lignin combustion. Vinasse is produced at about 1.54 tonnes per tonne of ethanol and reused 

on local fields to support regenerative farming. 

Although many lignocellulosic biorefinery technologies have historically faced scalability and 

economic challenges, this case study demonstrates commercial-scale feasibility under real-world 

conditions. Annual revenues of ~€48.7 million (including ~€2.5 million from vinasse utilization) and 

operating costs of ~€48 million result in a projected annual profit of ~€0.7 million. Life cycle 

assessment (LCA), conducted under EU RED II and ISO 14040/44 frameworks, shows up to 92% GHG 

emission reductions compared to fossil gasoline—highlighting the pathway’s alignment with net-zero 

goals. 

This case contributes to: 

• Demonstrating real-world performance of lignocellulosic ethanol systems at commercial scale; 

• Identifying opportunities for energy integration and circular co-product utilization; 

• Supporting transparent benchmarking under IEA Bioenergy Task 42 and VDI 6310 classification 

systems. 

With growing demand for advanced biofuels in the transport, chemical, and industrial sectors—

especially where electrification is impractical—the deployment of regionally embedded lignocellulosic 

ethanol biorefineries provides a viable and climate-aligned solution. The integration of feedstock 

flexibility, energy autonomy, and by-product valorization reinforces their role as enablers of 

sustainable, local bioeconomy value chains. 
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2. Method of assessment for fast pyrolysis biorefinery case study 

 

2.1. Current status and development trends of biorefineries  

Modern biorefineries are evolving to convert a wide range of biomass feedstocks—including 
agricultural residues, woody biomass, and organic waste—into fuels, energy, and biobased products. 
Among the pathways under industrial implementation, lignocellulosic ethanol production stands out 
for its ability to valorize non-food crop residues and its alignment with EU policy objectives for 
advanced biofuels. Compared to thermochemical concepts such as pyrolysis or gasification, 
lignocellulosic ethanol offers distinct advantages through biological conversion processes, energy self-
sufficiency via lignin-based combined heat and power (CHP), and co-product valorization within 
circular nutrient cycles. 

To contextualize the performance of the lignocellulosic ethanol platform, the following table provides 
a comparative snapshot alongside two other prominent biomass conversion technologies. While these 
differ in conversion mechanism and final outputs, the comparison helps highlight relative strengths 
and trade-offs in energy efficiency, carbon intensity, and resource integration. 

Table 1: Comparative overview of selected biorefinery pathways for advanced biofuels 1,2,3,4 

Metric Lignocellulosic 
Ethanol 

Fast Pyrolysis Gasification-to-
Fuels 

TRL 8–9 6–9 5–6 

Feedstock Type Agro residues (straw) Woody residues Woody/agro 
biomass 

Main Liquid Product Ethanol (EtOH) FPBO (bio-oil) Syngas-derived 
fuels 

Product Energy Yield ~65–75 % ~60–70 % ~45–55 % 

Polygeneration Capability Yes Yes Yes 

Energy Efficiency (total) ~80–85 % ~85 % ~55–65 % 

GHG Reduction (vs fossil) ~85–92 % ~96 % ~80–90 % 

Drying Requirement Moderate (20–30% DM) Low (5–10% 
moisture) 

Moderate 

CAPEX (€/t EtOH or MWth) ~5,000–6,000 
€/t EtOH 

~750–1,200 
k €/MWth 

~2,000 
k €/MWth 

Product Upgrade 
Requirement 

No (drop-in fuel) Yes (stabilization) Yes (Fischer–
Tropsch) 

 

Insights: 

Lignocellulosic ethanol excels in circular co-product use (e.g. lignin-to-energy and vinasse-to-soil), 

high GHG savings, and compatibility with existing transport fuel infrastructure. Unlike 

thermochemical platforms, it requires less downstream upgrading. However, challenges remain in 

enzyme cost, logistics for bulk residues, and capital expenditure. Still, several commercial-scale 

facilities are validating its readiness across Europe and globally. These systems are especially well-

suited for rural deployment where cereal straw is abundant and decentralized value creation is 

politically and economically desirable. 

 

2.2. Key challenges in assessment 

The assessment of integrated biorefinery systems faces several systemic and methodological hurdles: 

• Limited public availability of high-quality operational data, particularly for commercial-scale 

biological conversion processes; 

• Methodological inconsistencies in GHG accounting and life cycle assessment (LCA); 
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• Differing assumptions on allocation and system boundaries, which hinder comparability. 

This study addresses these issues using standardized guidelines: 

• ISO 14040/44 for LCA framework and energy/environmental indicators5 

• EU Renewable Energy Directive (RED II/III) for biofuel GHG criteria and sustainability 

thresholds6 

• VDI 6310 for biorefinery classification and economic evaluation standards7 

2.3. Classification system used 

To ensure comparability and modular adaptability, the lignocellulosic ethanol biorefinery is classified 

according to the IEA Bioenergy Task 42 four-axis framework: 

1. Feedstock: lignocellulosic residues (e.g. cereal straw); 

2. Platform: sugar fermentation platform (C5/C6 conversion); 

3. Products: advanced bioethanol, renewable electricity and heat, vinasse-based soil enhancers 

or energy carriers; 

4. Processes: enzymatic hydrolysis, fermentation, CHP combustion. 

This classification system supports pathway transparency and enables alignment with future scaling 

or technological evolution (e.g., SAF production or lignin valorization into materials). 

 

2.4. The TEE Assessment Framework 

The Technical, Economic, and Environmental (TEE) framework applied here builds on established 

methods developed within IEA Bioenergy and prior research (e.g. Lindorfer et al., 2019)  8. It 

encompasses: 

• Technical Indicators: 

Feedstock-to-fuel yield (mass and energy basis), internal energy integration via CHP, 

polygeneration of fuels and co-products; 

• Economic Indicators: 

At 50 kt/a capacity the project requires ~€240 million CAPEX; annual operating expenses 

(ex-CAPEX) are ~€24 million (feedstock €11.5 M, enzymes/chemicals €7.5 M, labour €3.0 M, 

energy/other €2.0 M); with a capital charge of ~€24 million/y, total costs are ~€48.0 

million/y versus ~€48.7 million/y in revenues (incl. ~€2.5 M from vinasse), yielding a net 

margin of ~€0.7 million/y at €0.73/L ethanol and €42/t - the results are highly sensitive to 

these assumptions 

• Environmental Indicators: 

Life-cycle GHG performance (up to 92% reduction vs fossil gasoline under RED II), primary 

energy demand per MJ ethanol, and circularity of nutrient and energy flows. 

All data are consolidated into a transparent, spreadsheet-based model incorporating site-specific 

inputs (e.g. straw logistics, energy sourcing), literature-based defaults, and public LCA databases, 

enabling reproducibility and scenario analysis. 
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3. CASE STUDY ANALYSIS – PART A: BIOREFINERY PLANT 

 

3.1. Overview and System Boundary 

This case study focuses on a commercial-scale lignocellulosic ethanol biorefinery located in Europe, 

which converts agricultural residues—primarily cereal straw—into advanced bioethanol, process 

steam, and electricity. The assessment applies a cradle-to-gate system boundary, encompassing all 

process stages from feedstock supply through to the delivery of bioethanol and co-products. 

Table 2: Key technical characteristics of the lignocellulosic ethanol biorefinery case study 

Key Parameter Characteristic 

Raw Material Lignocellulosic biomass (e.g., cereal straw) 

Process Pretreatment, enzymatic hydrolysis, fermentation, CHP 

Main Products Bioethanol, process steam, electricity, vinasse 

Capacity ~270,000 tonnes of straw/year 

Ethanol Output ~50,000 tonnes/year (~63 million liters/year) 

Energy Efficiency (total) ~80–85 % (via internal lignin CHP)9 

TRL Level 8–9 

Geographic Location Europe 

 

3.2. Process Description 

 

The biorefinery process is designed to convert lignocellulosic agricultural residues—such as cereal 

straw—into second-generation ethanol and process energy. The plant accepts non-edible, low-

moisture biomass and processes it through a series of thermochemical and biochemical stages. First, 

the biomass is mechanically pretreated and subjected to steam-based fractionation to separate the 

fiber matrix. Enzymatic hydrolysis then converts cellulose and hemicellulose into fermentable sugars 

(C5 and C6), followed by microbial fermentation to produce ethanol. 

The solid lignin-rich residue remaining after hydrolysis and fermentation is combusted in a combined 

heat and power (CHP) unit. This internal energy recovery system provides the thermal energy required 

for pretreatment and distillation, and supplies a portion of the plant’s electricity demand. Surplus 

heat and electricity may be made available for export depending on process configuration and energy 

balance. 

Another significant output is vinasse—a liquid fermentation residue—produced at a rate of 

approximately 1.54 tonnes per tonne of ethanol. It is either recycled to local farmland as a nutrient-

rich soil conditioner or considered for energy recovery (e.g., co-firing or anaerobic digestion), 

supporting regional circularity goals. 

The biorefinery qualifies as a polygeneration unit, delivering three primary outputs: ethanol, process 

steam, and electricity. While thermal and electrical energy are largely used internally, the option for 

external supply enhances the overall energy efficiency and integration potential. The ethanol product 

is delivered off-site for blending into transport fuels, where it displaces fossil gasoline and contributes 

to RED II/III renewable energy targets. 
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Figure 3: Overview of TEE assessment – Process pathway for lignocellulosic ethanol production from agricultural 
residues. Based on own calculations with data from literature referenced at table 1 and supplementary sources10 

The process begins with the collection and mechanical conditioning of lignocellulosic biomass, such 

as cereal straw. After initial size reduction, the biomass undergoes steam-based pretreatment to 

break down the complex fiber matrix and enhance enzyme accessibility. Following this, enzymatic 

hydrolysis converts cellulose and hemicellulose into fermentable sugars. These are fermented to 

ethanol using specialized microbial strains. The solid lignin-rich residue is combusted in an on-site 

combined heat and power (CHP) system to generate process energy. The liquid residue (vinasse) is 

collected for agricultural or energetic reuse. 

The core process steps include: 

• Pretreatment: Steam explosion or liquid hot water treatment to deconstruct biomass 

structure 

• Enzymatic Hydrolysis: Enzymatic breakdown of polysaccharides into monomeric sugars (C5 

and C6) 

• Fermentation: Bioconversion of sugars to ethanol 

• Distillation: Separation and purification of ethanol 

• CHP Combustion: Lignin burned in CHP to supply steam and electricity 

• Vinasse Recovery: Liquid fermentation residue reused in agriculture or valorized for energy 

System Design Benefits: 

• Integrated co-generation of process steam and electricity from lignin 

• Internal energy self-sufficiency with optional export potential 

• Circular use of co-products (e.g., vinasse to soil, lignin to energy) 
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3.3. Mass and Energy Balance 

At full capacity, the biorefinery processes approximately 270,000 tonnes of straw per year, 

equivalent to ~30.8 tonnes/hour (wet basis) at 8,760 h/a. From this, it produces around 

50,000 tonnes/year of bioethanol, accompanied by internally generated process steam 

and electricity from lignin combustion. Vinasse is generated as a major liquid co-product. 

Annual Outputs: 

• Bioethanol: ~63 million liters/year (~50,000 tonnes/year), energy content ~1,350 TJ/year 

                   (LHV(EtOH)=27 MJ/kg 

• Process Steam: ~959 TJ/year (mainly from lignin CHP) 

• Electricity: ~203 TJ/year (partial internal use, partial grid supply) 

• Vinasse: ~77,000 tonnes/year (~1.54 t per t ethanol) 

By-Products: 

• Lignin (input to CHP): ~70,000 t/year (dry basis) 

• Ash: Minor, removed from combustion residue 

• Water: Released primarily as vapor during distillation and combustion (no separate 

wastewater stream) 

Table 3 summarizes the key characteristics of the considered case study.  

 

Annual Outputs: 

• Bioethanol: ~63 million liters/year (~50,000 tonnes/year), energy content ~1,700 TJ/year 

• Process Steam: ~1,200 TJ/year (mainly from lignin CHP) 

• Electricity: ~180 TJ/year (partial internal use, partial grid supply) 

• Vinasse: ~77,000 tonnes/year (~1.54 t per t ethanol; 10 wt% solids) 

By-Products: 

• Lignin (input to CHP): ~70,000 tonnes/year (dry basis) 

• Water: Released primarily as vapor during distillation, combustion and wastewater stream 

• Ash: Minor, removed from combustion residue 
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Table 3: Key characteristics case study. 

3-platform biorefinery (C5/C6 sugars,lignin-energy, vinasse-biofertilizer) using lignocellulosic 

biomass straw for advanced biofuel production 

State of technology Industrial (TRL 9) 

Country Europe 

Main data source Literature (sources referenced in table 1 & 11,12 

Products Auxiliaries 

 Bioethanol 1,350 
TJ/a 

TJ a-1  the residual ~176 
TJ/a 

TJ a-1 

  50 kt a-1  electricity is   

 CHP supplies    imported (RES best   

 Steam ~959 
TJ/a 
steam 

TJ a-1  case or national   

 Electricity ~203 TJ a-1  grid)   

Costs Feedstock 

 Investment Dep. 24 Mio. € a-1  Cereal straw 270 kt a-1 

 Feedstock 11.5 Mio. € a-1     

 Auxiliaries 7.5 Mio. € a-1 Conversion rates (Efficiencies) 

 Labour 3.0 Mio. € a-1  Feedstock to EtOH 18.5 wt% 

 energy/other 2.0   Overall Energy 
efficiency through 
CHP 

80-85 % 

 

 

 

Figure 4: Simplified balance of mass of input and output stream (Mass flows are shown for full year operation). 
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PART B: VALUE CHAIN ASSESSMENT  

 

Figure 5 illustrates the annual revenue and cost structure of the 

lignocellulosic ethanol biorefinery. Revenues are primarily 

derived from the sale of advanced ethanol (~€46.2 Mio/a), 

complemented by additional income from vinasse valorization (~€2.5 Mio/a). On the cost side, the 

largest shares stem from capital charges, enzymes/chemicals, and feedstock procurement; total 

annual operating costs are ~€48.0 Mio/a. Internal process energy from lignin-CHP reduces exposure 

to external energy prices. Overall, the figure highlights a positive operating margin of ~€0.7 Mio/a, 

underscoring the importance of co-product valorization (vinasse to agriculture/energy) and energy 

integration for economic viability.  

 

Figure 5: Costs and revenues — lignocellulosic ethanol biorefinery (case study). 

Revenue ≈ €48.7 M/a; Costs ≈ €48.0 M/a; Operating margin ≈ €0.7 M/a. 

Chum et al. (2011)13 and Giwa et al. (2022)14 emphasize that regional variability in feedstock supply 

chains strongly affects techno-economics; the same applies here: delivered straw costs and logistics 

can materially shift levelized ethanol costs. In this case study, self-sufficient process energy from 

lignin (CHP) provides both environmental and economic benefits, while scale, learning (enzymatic 

packages), and competition can further drive down supply-chain costs. The cost allocation used here 

reflects high CAPEX share (~50%), feedstock (~24%), chemicals and auxiliaries (~16%), consistent with 

cellulosic ethanol literature and the study’s assumptions. (see figure 6). 
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Figure 6: Share breakdown of costs (illustrative, linked to Table 3). Cost drivers: CAPEX 
(depreciation/finance), chemicals and auxiliaries (, feedstock; other fixed/variable items minor. 

Economic sensitivity and key drivers. 

At an ethanol selling price of 0.73 €/L and a delivered straw cost of €42 /t, the lignocellulosic ethanol 
plant achieves an annual margin of approximately €0.70 million. Profitability is highly sensitive to 
both the ethanol market price and feedstock cost: each €0.01/L change in ethanol price alters the 
margin by about €0.63 million per year, and each €10/t variation in straw cost changes the margin 
by roughly €2.7 million per year (for 63.3 million L EtOH and 270 kt straw per year). 
The price break-even at this feedstock level is around €0.719 /L, while the cost break-even at 0.73 
€/L corresponds to a straw price of ≈ €44–45 /t. 

A small price reduction to 0.725 €/L lowers the margin to ≈ €0.38 M/y, and 0.72 €/L brings it to near 
zero. Conversely, cheaper straw (e.g., €32/t) or moderate price improvements rapidly increase 
profitability, whereas higher straw prices (e.g., €52/t) lead to losses of several million euros. 

Table 4: Mini sensitivity table - lignocellulosic ethanol biorefinery profitability (illustrative) 

Scenario Ethanol (€/L) Straw (€/t) Margin (M€/y) 

Current case 0.730 42 + 0.70 

Price – 0.005 €/L 0.725 42 + 0.38 

Price – 0.010 €/L 0.720 42 + 0.07 

Break-even (price) ≈ 0.719 42 ≈ 0.00 

Straw + €10/t 0.730 52 – 2.00 

Straw – €10/t 0.730 32 + 3.40 
(Margins rounded to two decimals.) 

 
Stability levers and system implications. 

Maximizing on-site lignin utilization in the CHP and valorizing vinasse are the two most effective 
stabilizers of the lignocellulosic ethanol business case. Lignin-to-CHP delivers process steam and a 
significant share of electricity, buffering energy-market volatility, raising energy self-sufficiency, 
and preserving high GHG savings. Vinasse is primarily deployed as a fertilizer (closing nutrient 
loops); where appropriate, it can also be routed to energy options (e.g., co-digestion with other 
substrates or co-firing) to add revenue flexibility. In contrast to thermochemical pathways that may 
export solid carbon at the expense of local heat supply, this configuration prioritizes energy 
autonomy, converting lignin internally to minimize external energy exposure and to maintain a strong 
emissions profile. 
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Findings (economic sensitivity). 

• Even small shifts can erase the margin: at the current case (0.73 €/L, ~€42/t straw), a price 

drop of only ~€0.011/L (≈1.5 c/L) or a straw cost increase of ~€2.6/t is enough to push the 

~€0.70 M/year margin to ~zero. 

• Moderate ethanol price improvements via e.g. green premium pricing materially lift 

operating results but again - even modest changes in straw price or ethanol price can erode 

margins quickly; the results are highly sensitive to these assumptions. 

• The most robust returns arise from lower-cost residue sourcing combined with modest price 

uplift and steady co-product valorization. 

Implications. 

Economic resilience depends on (i) feedstock availability and logistics (multi-supplier contracting, 

seasonal buffers), (ii) stable offtake for ethanol (long-term supply agreements), and (iii) supportive 

policy instruments (e.g., RED II/III compliance, recognition of verified GHG savings, carbon 

crediting/guarantees of origin). Together, these measures reduce downside risk around the break-

even region and support bankability. As with any advanced biofuel facility, synchronized offtake and 

feedstock contracts are prerequisites—plants should proceed to FID only when both long-term residue 

supply and product offtake are secured. 

The following diagram (Figure 7) shows a simplified flow chart of the lignocellulosic ethanol pathway 

and the fossil benchmark. As with any advanced biofuel installation, synchronized offtake and 

feedstock contracts are critical: plants are built only when both residue supply and product offtake 

are secured long-term. 

 

Figure 7: Flow chart to visualize the lignocellulosic ethanol plant in comparison to the oil extraction refinery 
reference system. 

Figure 8 presents the environmental results (GHG and energy). In line with the RED II calculation, 

total allocated GHG emissions can be as low as ~7.97 g CO₂-eq/MJ EtOH (assuming renewable 

electricity for the “electricity gap”), corresponding to ~92% savings vs. the fossil comparator (94 g 

CO₂-eq/MJ). Using a national grid mix with high proportions of non-renewables for the electricity gap 

increases allocated emissions to ~20.2 g CO₂-eq/MJ. Under ISO 14040/44 scenarios, best-case GWP 
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values of ~11.4 g CO₂-eq/MJ (wind electricity) correspond to ~88% savings vs. fossil gasoline. These 

results underline the importance of renewable electricity sourcing and vinasse management for 

optimum performance.  

 

Figure 8: Comparison of annual GHG emissions — lignocellulosic ethanol plant vs fossil reference (illustrative). 
Reduction potential: ~79–92% depending on methodology and power mix. 

 

Table 5: Overview of GHG emissions — production & application (RED II-III framing, allocated to ethanol). 

Component / variable (RED II) Value (g CO₂-
eq/MJ EtOH) 

Notes 

eec (feedstock cultivation/harvest) 3.77 Residues (no LUC) 

ep (processing) — RES electricity 3.65 Electricity gap via RES 

ep (processing) — grid mix with a high proportion 
of non-renewables 

18.5 local grid for gap 

etd (transport & distribution) 2.24 Feedstock & product 
logistics 

eu (use phase) 0 Biogenic (per RED II) 

E (total, unallocated) 9.69 (RES) Before allocation 

E (allocated to ethanol) 7.97 (RES) ~92% saving vs 94 

E (allocated, grid mix with high proportions of 
non-renewables) 

20.2 ~79% saving vs 94 

Source: case-study calculations and RED II method 

 

Table 5: Overview of TEE assessment results — lignocellulosic ethanol biorefinery (case study). 

Category Biorefinery (EtOH case) Reference System 
(Fossil) 

Notes 

GHG emissions 8–11 g CO₂-eq/MJ (best-case, 
allocated) 

94 g CO₂-eq/MJ RED II vs ISO variants  

Primary energy 
demand 

0.67–0.71 MJ/MJ EtOH (best-
case to baseline) 

— Wind ≈ best; grid mix 
higher  

Annual costs €48.0 M/a — OPEX estimate  

Annual revenues €48.7 M/a (EtOH + vinasse) — Price €0.73/L assumed  

Operating margin €0.7 M/a — Revenues – costs  

Energy efficiency 80–85% (with lignin-CHP 
polygeneration) 

— Integration lowers 
auxiliary energy  

10,8 27,3

126,9
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Notes on water and residues: Water is largely integrated in product and flue-gas streams (distillation 

and CHP). Ash is a minor output from lignin combustion. Vinasse is ~1.54 t per t ethanol and is recycled 

agronomically or explored for energy use; lignin (~1.9 t/t EtOH wet basis in the design data) is fully 

utilized on-site for process energy. 

5. Conclusions & strategic outlook 

This case study shows that lignocellulosic (2G) ethanol production from cereal straw is 

technically mature, environmentally superior, and close to break-even under 

realistic market assumptions—especially when renewable electricity is secured and long-

term supply/offtake contracts are in place. 

Key Conclusions 

• Technical Performance: The plant converts ~270,000 t/a straw into ~50,000 t/a ethanol 

(≈63 million L/a). With full on-site lignin-CHP, overall energy efficiency reaches ~80–85 %, 

supplying all process steam and a substantial share of electricity. Lignin is combusted on-

site (not exported); vinasse is primarily used as fertilizer, with optional energy routes (co-

digestion/co-firing) as a flexibility lever. 

• Environmental Impact: Allocated RED II GHG intensities are ~7.97 g CO₂-eq/MJ when the 

electricity gap is covered by renewables (≈92 % savings vs. the 94 g/MJ fossil comparator) 

and ~20.2 g/MJ with a carbon-intensive grid. ISO 14040/44 best-case results of ~11.4 g/MJ 

correspond to ~88 % savings. The design therefore exceeds EU thresholds and sustains high 

savings through energy self-sufficiency. 

• Economic Viability: At 0.73 €/L ethanol and ~€42/t straw, the plant yields an annual margin 

≈ €0.70 M (CAPEX charge assumed €24 M/a). The case is highly sensitive: each €0.01/L price 

change shifts margin by ≈ €0.63 M/a; each €10/t straw change shifts margin by ≈ €2.7 M/a. 

Moderate price uplift, lower delivered straw costs, and additional co-product revenues 

strengthen the result. 

Strategic outlook 

• Policy & certification. 

Bankability improves with RED II/III compliance, renewable PPAs/GoOs, carbon crediting for 

verified GHG savings, and stable mandates for advanced biofuels. 

• Supply & offtake discipline. 

Multi-supplier straw logistics, seasonal buffers, and long-term ethanol offtake are 

prerequisites; projects should reach FID only when both sides are secured. 

• System integration. 

On-site lignin-CHP remains the anchor for energy autonomy and GHG performance. Where 

feasible, RES for the electricity gap (wind/solar PPAs) locks in top-quartile emissions. 

• Innovation pathways. 

Incremental gains come from enzyme/chemical intensity reduction, heat integration, vinasse 

valorization options, and digital operations to optimize energy dispatch vs. grid CO₂ intensity. 

• Comparative edge. 

Versus other advanced biofuel routes, lignocellulosic ethanol combines mature biology, high, 

verifiable GHG savings, and scalable residue use, making it a robust near-term 

decarbonization option for the liquid fuels pool (E5/E10/E85, ETBE) and for chemical value 

chains. 
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Final remark. 

By coupling residue-based feedstock with on-site renewable energy generation, lignocellulosic 

ethanol biorefineries operationalize the circular bioeconomy—delivering local fuels with deep 

GHG cuts while reinforcing regional energy security. 

MORE DETAILED INFORMATION ON THE DATA BASIS AND THE METHOD APPLIED 
ARE AVAILABLE IN THE ACCOMPANYING REPORTS AT 
HTTPS://TASK42.IEABIOENERGY.COM/DOCUMENT-CATEGORY/REPORTS-PAPERS/ 

This case study was prepared by Johannes Lindorfer and colleagues from the Energieinstitut at the Johannes Kepler University 

Linz, Austria. Whilst the information in this publication is derived from reliable sources, and reasonable care has been taken in 

its compilation, IEA Bioenergy, its Task42 Biorefinery and the authors of the publication cannot make any representation of 

warranty, expressed or implied, regarding the verity, accuracy, adequacy, or completeness of the information contained herein. 

IEA Bioenergy, its Task42 Biorefinery and the authors do not accept any liability towards the readers and users of the 

publication for any inaccuracy, error, or omission, regardless of the cause, or any damages resulting therefrom. In no event 

shall IEA Bioenergy, its Task42 Biorefinery of the authors have any liability for loss of profits and/or indirect, special, punitive, 

or consequential damages. 

Appendix A: Data basis and calculations used in the TEE fact sheet 

This appendix consolidates the assumptions, calculation methods, and key results for the 

lignocellulosic (2G) ethanol case based on the most recent TEE assessment. 

• System definition & capacity 

• Feedstock: Agricultural residues, primarily cereal straw. 

• Nominal production: 50,000 t EtOH·a⁻¹ (≈ 63.3 million L·a⁻¹). 

• Straw demand: 270,000 t·a⁻¹ (≈ 5.4 t straw per t EtOH). 

• Operating-hours basis for hourly figures: unless stated otherwise, 8,760 h·a⁻¹ (→ 5.71 t 

EtOH·h⁻¹; 30.8 t straw·h⁻¹). 

• Mass balance (per 1 t EtOH; rounded) 

• Input: ~5.4 t wet straw (≈10% moisture). 

• Outputs: 1.0 t EtOH, 1.9 t lignin (to CHP, basis to be reported consistently as wet or dry), 

1.54 t vinasse (≈10 wt% solids), ~1.0 t water & minor losses. 

• Mass-based conversion: ≈18.5 wt% (EtOH mass / straw mass). 

• Energy basis & utilities 

• Lower heating values: EtOH 27 MJ·kg⁻¹, straw ≈17 MJ·kg⁻¹ (for cross-checks). 

• Annual ethanol energy: 50,000 t × 27 GJ·t⁻¹ = 1,350 TJ·a⁻¹. 

• Process energy intensity (per MJ EtOH): 

o Steam demand (supplied by CHP): 0.71 MJ_th/MJ → ~959 TJ·a⁻¹. 

o Electricity from lignin CHP: 0.15 MJ_el/MJ → ~203 TJ·a⁻¹. 

o Electricity gap (import): 0.13 MJ_el/MJ → ~176 TJ·a⁻¹ (covered by RES in best 

case, or national grid mix). 

• Total plant energy efficiency (LHV): ~80–85%, enabled by full on-site lignin-CHP (steam + 

partial power self-supply). 

• Environmental performance (method-separated) 
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• RED II (allocated to ethanol): 

o Best case (RES for electricity gap): 7.97 g CO₂-eq·MJ⁻¹ → ≈92% saving vs fossil 

comparator (94 g·MJ⁻¹). 

o Grid case (carbon-intensive mix): 20.2 g CO₂-eq·MJ⁻¹ → ≈79% saving. 

• ISO 14040/44 (cradle-to-gate, best case): ~11.4 g CO₂-eq·MJ⁻¹ → ≈88% saving vs fossil 

gasoline. 

• Use-phase: Biogenic CO₂ from ethanol use is counted as zero in both methods. 

• Vinasse handling: Base case agricultural fertilizer (nutrient recycling); energy routes (co-

digestion/co-firing) optional and scenario-dependent. 

Economics 

• CAPEX (installed): ~€240 million for 50 kt·a⁻¹ capacity. 

• Annual operating expenses (ex-CAPEX): ~€24.0 M·a⁻¹, comprising: 

o Feedstock: €11.5 M·a⁻¹ (~€42/t delivered). 

o Auxiliaries & chemicals: €7.5 M·a⁻¹. 

o Labour: €3.0 M·a⁻¹. 

o Energy & other OPEX: €2.0 M·a⁻¹. 

• Capital charge (depreciation/equity): ~€24.0 M·a⁻¹. 

Revenues: 

o Ethanol: €46.2 M·a⁻¹ (€0.73/L × 63.29 M L). 

o Vinasse valorization: €2.5 M·a⁻¹. 

o Total revenues: €48.7 M·a⁻¹. 

• Total costs: €48.0 M·a⁻¹ → Net margin: ~€0.7 M·a⁻¹ (near break-even). 

• Sensitivity (first-order) 

• Price sensitivity: ±€0.01/L EtOH → ±€0.63 M·a⁻¹ margin. 

• Feedstock sensitivity: ±€10/t straw (on 270 kt·a⁻¹) → ±€2.7 M·a⁻¹ margin. 

• Break-even points at €42/t straw: price ≈€0.719/L; at €0.73/L price: straw ≈€44–45/t. 
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