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ABSTRACT

With the increasing need for clean, renewable, and sustainable energy, biofuels have become a promising alternative to fossil fuels that could replace them to a
significant extent. This is because they can play a critical role in reducing greenhouse gas emissions and energy insecurity while promoting the transition to a low-
carbon economy. Biofuels are produced from renewable biomass feedstocks including agricultural and forestry residues, municipal waste, algae, and energy crops.
This review discusses biofuel production and highlights their potential as sustainable alternatives to fossil fuels. It further reveals the state of the art in biomass
feedstocks, biofuel production processes, and technologies, including physicochemical, thermochemical, biochemical, and chemical processes. In addition, the
review covers the production routes and recent advances in biodiesel, renewable diesel, bioethanol, biobutanol, biomethane, biohydrogen, and sustainable aviation
fuel (SAF). Moreover, the review addresses the role of techno-economic analysis and life-cycle assessment in sustainable biofuel production, as well as the impact
of artificial intelligence (Al), smart biorefineries, Industry 4.0, machine learning, the Internet of Things (1oT), and big data analytics on biofuel production. The
review also identifies research gaps and future directions for sustainable biofuel production. As a result, this review provides a comprehensive understanding of
biofuels and their sustainable production for researchers, industrialists, and policymakers with specific emphasis on enhancing production efficiency, techno-
economic feasibility, and environmental sustainability.

Keywords: biofuels; biomass; pretreatment; fermentation; pyrolysis; gasification; biodiesel; sustainable aviation fuel; techno-economic analysis; life-
cycle assessment; artificial intelligence; biorefinery.

1. INTRODUCTION

Modern energy systems continue to rely heavily on petroleum, coal, and natural gas. Their use supports transport, manufacturing, electricity generation,
and chemical production, but it also releases greenhouse gases and pollutants and exposes economies to fuel-price volatility and supply disruption.
Renewable electricity, energy efficiency, hydrogen, and bioenergy can each contribute to decarbonization; their relative roles depend on technology
readiness, infrastructure, resource availability, and end-use requirements.

Biofuels are fuels derived directly or indirectly from biomass. They include liquid fuels such as ethanol, biodiesel, renewable diesel, and aviation fuel, as
well as gaseous fuels such as biomethane and hydrogen produced through biological or biomass-conversion routes. Biomass is unusual among renewable
resources because it stores chemical energy and biogenic carbon. This makes it possible to produce energy-dense molecules compatible with existing
engines, storage systems, and distribution infrastructure. However, biomass is not automatically carbon-neutral: emissions from cultivation, fertilizer,
processing, transport, land-use change, and combustion must be considered across the full life cycle.

The central challenge is therefore not simply to produce more biofuel, but to produce the right fuel from the right feedstock with lower environmental
burdens and credible economic performance. Residues and wastes can reduce competition with food production, yet they are finite, geographically
dispersed, and sometimes already used for animal feed, soil amendment, bedding, or industrial heat. Removing too much crop residue may reduce soil
organic carbon and increase erosion. Sustainable deployment requires local resource assessment and competing-use analysis.

The biofuel value chain comprises feedstock generation or collection, logistics, size reduction and conditioning, pretreatment, conversion, product
separation and upgrading, distribution, and final use. Performance at one stage affects the others. For example, a low-cost wet feedstock may be attractive
for anaerobic digestion but expensive to dry for pyrolysis. A pretreatment that increases sugar release may also produce fermentation inhibitors. A process
that maximizes fuel yield may require costly hydrogen, heat, catalysts, or wastewater treatment. Whole-system evaluation is therefore essential.

This paper reviews established and emerging technologies in a conversion-focused framework. It compares feedstocks and production routes, discusses
fuel families and end uses, and explains how TEA, LCA, sustainability indicators, and digital technologies can support decision-making. It is a narrative
review rather than a new experimental study; quantitative outcomes are technology- and context-specific and should not be interpreted as universal
performance guarantees.
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1.1 Scope and review approach

The review is organized around the 13 agreed team topics. It synthesizes peer-reviewed review literature, institutional information, and established
engineering principles available for this paper. The emphasis is on process fundamentals, advantages, limitations, integration opportunities, and research
gaps rather than a claim of exhaustive systematic coverage. In a final submission, the team should verify all references against the original publications
and apply the department’s required citation style.

1.2 Why integrated biorefineries matter

A biorefinery resembles a petroleum refinery in its effort to convert a complex raw material into several products. Rather than treating every non-fuel
stream as waste, it may recover lignin for heat or chemicals, ferment sugars to fuels, digest residual organics to biogas, and recycle process water.
Integration can improve resource efficiency and diversify revenue, but it also increases process complexity and may introduce competing requirements
for heat, water, and feedstock fractions.

2. CLASSIFICATION OF BIOFUELS

Biofuels can be classified by feedstock generation, physical state, conversion pathway, or intended application. These classifications are complementary:
a fuel may be a second-generation liquid biofuel produced by a thermochemical route and intended for aviation.

2.1 Classification by feedstock generation

Generation labels are convenient but imperfect. They do not by themselves prove sustainability: a first-generation fuel from a low-impact, high-yield
system may perform better than an advanced fuel requiring energy-intensive processing or causing indirect land-use change. Feedstock origin, process
energy, land management, and counterfactual use are more informative than the label alone.

2.2 Classification by physical state
Solid biofuels: pellets, briquettes, torrefied biomass, and biochar. They are primarily used for heat and power, though intermediates may support other

pathways.

Liquid biofuels: ethanol, butanol, fatty-acid methyl esters (biodiesel), hydroprocessed esters and fatty acids (HEFA) fuels, pyrolysis-oil-derived fuels,
and Fischer—Tropsch liquids.

Gaseous biofuels: biogas, upgraded biomethane, producer gas/syngas, and biohydrogen. Their storage, transport, and use requirements differ substantially.
2.3 Classification by conversion route

Biochemical routes employ microorganisms or enzymes, including fermentation and anaerobic digestion. Chemical routes include transesterification and
catalytic upgrading. Thermochemical routes use heat, often with limited oxygen or steam, to break down biomass into gas, vapour, liquid, and solid
products. Hybrid routes combine these approaches—for example, gasification followed by catalytic synthesis, or hydrothermal treatment followed by
biological conversion.

2.4 Matching fuel to service

Ethanol is commonly blended into spark-ignition gasoline; biodiesel and renewable diesel are used in compression-ignition engines, subject to fuel
standards and compatibility; biomethane can substitute for fossil natural gas in suitable infrastructure; and SAF is designed to meet aviation fuel
specifications. Hydrogen has potential in fuel cells and selected industrial applications, but its climate benefit depends on how it is produced, compressed,
stored, and delivered. End-use requirements must be considered early because different fuels require different quality-control and upgrading steps.

3. PRETREATMENT TECHNOLOGIES

Pretreatment prepares biomass for conversion by changing particle size, structure, chemical composition, or physical accessibility. For lignocellulosic
feedstocks, the objective is often to expose cellulose, solubilize hemicellulose, redistribute or remove lignin, and improve enzyme access. Pretreatment
should be evaluated by sugar recovery, inhibitor formation, chemical and water use, energy demand, waste generation, and compatibility with downstream
fermentation or upgrading.
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3.1 Mechanical and physical pretreatment

Chipping, milling, grinding, extrusion, and refining reduce particle size and can increase accessible surface area. Mechanical treatment is widely
applicable and can be integrated with feed handling, but electricity demand rises as particles become finer. Steam explosion uses high-pressure steam
followed by rapid depressurization, disrupting the biomass structure. It can be effective without extensive chemical addition, although severity must be
controlled to avoid sugar degradation and inhibitor formation.

3.2 Chemical pretreatment

Dilute-acid pretreatment can hydrolyse hemicellulose and improve cellulose accessibility. It may also form furfural, hydroxymethylfurfural, organic
acids, and other fermentation inhibitors; corrosion-resistant equipment and neutralization may be required. Alkaline treatment can remove or alter lignin
and swell fibres, but chemical recovery and wastewater management influence cost. Organosolv methods use organic solvents, sometimes with catalysts,
to fractionate lignin and carbohydrates; solvent recovery is essential for environmental and economic performance
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Fig : Biomass Pretreatment conversion Technologies
3.3 Physicochemical and hydrothermal methods

Liquid-hot-water treatment, steam explosion, ammonia fibre expansion, and related approaches use combinations of heat, pressure, and chemical effects.
Hydrothermal methods can reduce the need for external acid but require pressure-rated equipment and substantial heat integration. Ammonia-based
methods can preserve much of the carbohydrate structure and alter lignin, though ammonia recovery and safety must be addressed. Microwave and
ultrasound-assisted pretreatments have been investigated for intensified heating or mass transfer, but energy efficiency and scale-up need case-specific
evidence.

3.4 Biological pretreatment

Fungi and selected enzymes can selectively degrade lignin or modify biomass under relatively mild conditions. Biological methods may reduce harsh
chemical use, but they are generally slower and may consume some fermentable carbohydrates. They are therefore attractive where low chemical input
is valued and processing time is acceptable, rather than as a universal replacement for physical or chemical methods.

3.5 Selecting an effective pretreatment

A pretreatment should be selected through integrated testing, not by maximizing one laboratory yield. Enzymatic hydrolysis, fermentation, water

recycling, lignin use, and wastewater treatment should be included in the comparison. Pilot-scale data are especially important because mixing, heat
transfer, solids handling, and inhibitor concentrations often behave differently at scale.
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4. THERMOCHEMICAL CONVERSION TECHNOLOGIES

Thermochemical conversion is an important method used to produce hydrogen and energy from biomass and waste materials. In this process, organic
materials such as agricultural residues, forest waste, municipal solid waste and plastic waste are converted into useful energy products. The major
thermochemical methods include pyrolysis, gasification and steam reforming. Pyrolysis takes place in the absence of oxygen and produces bio-oil, biochar
and syngas. Gasification uses a controlled amount of air, oxygen or steam to convert biomass into hydrogen-rich syngas. These methods help utilize
waste materials effectively and support the production of cleaner fuels.

4.1 Catalytic and Non-Catalytic Conversion

Catalytic and non-catalytic processes are two important approaches used in biomass and waste conversion. In catalytic conversion, materials called
catalysts are added to improve chemical reactions and increase hydrogen production. Common catalysts include nickel-, iron- and calcium-based
materials. They help break down unwanted tar and improve syngas quality. In non-catalytic conversion, the process takes place without adding a catalyst,
and the reaction mainly depends on operating conditions such as temperature and pressure. Catalytic methods can improve conversion performance, but
catalyst deactivation, poisoning and carbon deposition are important challenges.

4.2 Emerging Heating and Conversion Technologies

Recent research focuses on advanced heating and conversion technologies to improve the efficiency of biomass and waste processing. Microwave-assisted
conversion, plasma-assisted conversion and hybrid pyrolysis—gasification are some emerging methods. Microwave heating provides energy to the material
and can support faster heating and conversion. Plasma-assisted processes use high-energy plasma to help break down waste materials. Hybrid systems
combine different conversion methods to improve hydrogen production and gas quality. These technologies have promising applications, although further
research is required to improve their efficiency, cost and large-scale operation.

4.3 Techno-Economic and Environmental Assessment

Techno-economic analysis (TEA) and life cycle assessment (LCA) are used to evaluate the cost and environmental performance of hydrogen production
from biomass and waste. TEA examines factors such as feedstock cost, equipment investment, energy consumption, plant capacity and production cost.
LCA evaluates environmental impacts, including greenhouse gas emissions and resource consumption throughout the process. Carbon capture and storage
(CCS) can also be integrated with bioenergy systems to capture carbon dioxide and reduce emissions. These assessments help researchers identify suitable
technologies that are economically practical and environmentally sustainable.

4.4 Challenges and Future Perspectives

Although biomass and waste conversion technologies have many advantages, several challenges must be addressed before their widespread industrial
application. Catalyst deactivation, high energy requirements, tar formation, reactor design and variations in feedstock quality can affect the performance
of the process. Large-scale production also requires suitable equipment, continuous feedstock supply and efficient gas-cleaning systems. Future research
should focus on developing stable catalysts, improving reactor performance, reducing production costs and integrating renewable energy with conversion
technologies. Artificial intelligence and machine learning can also help predict process performance and optimize operating conditions. These
improvements can support the development of sustainable hydrogen production systems.

4.5 Comparison of thermochemical routes

Technology

Main products

Strengths

Key challenges

Combustion

Heat, steam, electricity

Mature; direct energy recovery

Air emissions; not a liquid-fuel route.

Torrefaction

Upgraded solid biomass

Improved grindability and

Mass loss and process heat.

gas, solids

hydrophobicity

Pyrolysis Bio-oil, gas, char Flexible product slate; rapid Bio-oil instability and upgrading cost.
conversion

Gasification Syngas, heat, char/ash Can support hydrogen and synthetic Tar removal, gas cleaning, capital
liquids intensity.

HTL Biocrude, aqueous phase, Suitable for wet biomass High pressure; biocrude upgrading and

wastewater.
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Technology Main products Strengths Key challenges
Hydrothermal Hydrochar and aqueous Wet feedstock treatment Product quality and end-market
carbonization products dependence.

No route is inherently optimal for all feedstocks. Dry woody biomass may suit gasification or pyrolysis, while wet organic residues may favour anaerobic
digestion or HTL. A process selection study should compare product demand, plant scale, feedstock moisture, heat integration, emissions control, and
maturity.

5. BIOCHEMICAL AND CHEMICAL CONVERSION TECHNOLOGIES

Biochemical conversion relies on microorganisms and enzymes, while chemical conversion uses reactions such as transesterification, hydrolysis,
hydrogenation, and catalytic synthesis. The categories can overlap: fermentation products may undergo catalytic upgrading, and thermochemical syngas
may be converted through chemical catalysis.

5.1 Enzymatic hydrolysis and fermentation

In lignocellulosic ethanol production, pretreatment is followed by enzymatic hydrolysis. Cellulases break cellulose into soluble sugars; hemicellulases
release sugars from hemicellulose. Fermenting organisms convert suitable sugars into ethanol, carbon dioxide, and minor products. Process configurations
include separate hydrolysis and fermentation (SHF), simultaneous saccharification and fermentation (SSF), and consolidated bioprocessing concepts.
SSF can reduce end-product inhibition of enzymes, but the optimal temperatures for enzymes and microorganisms may differ.

A key challenge is co-fermentation of mixed sugars. Conventional yeast efficiently ferments glucose but may not naturally use pentoses such as xylose
at the same rate. Engineered strains and process strategies seek to improve sugar utilization, tolerance to inhibitors, ethanol productivity, and robustness
under industrial conditions. Contamination control, nutrient demand, enzyme cost, and fermentation residence time influence plant economics.

5.2 Anaeraobic digestion

Anaerobic digestion (AD) converts biodegradable organic matter into biogas in the absence of oxygen. The process is commonly described through
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Biogas contains methane and carbon dioxide, with trace contaminants such as hydrogen
sulphide, water vapour, and siloxanes depending on the feedstock. Temperature, pH, organic loading rate, retention time, mixing, and ammonia
concentration affect stability.

AD is well suited to manure, food waste, sewage sludge, and other wet biodegradable residues. Digestate can provide nutrients, but its safe use depends
on contaminant levels, pathogen control, nutrient balance, and local regulations. Methane leakage can substantially undermine climate benefits, making
gas-tight equipment, leak detection, and effective digestate management essential.

5.3 Chemical conversion: transesterification and upgrading

Transesterification reacts triglycerides in oils or fats with a short-chain alcohol, commonly methanol, to form fatty-acid alkyl esters and glycerol. It can
be catalysed by bases, acids, or enzymes. Base-catalysed processes are fast for clean low-free-fatty-acid feedstocks, but free fatty acids can form soap
and complicate separation. Acid esterification may be used as a pretreatment for high-free-fatty-acid oils.

Hydrotreating and hydrodeoxygenation remove oxygen from bio-derived intermediates using hydrogen and catalysts, producing hydrocarbon fuels.
Catalytic cracking, reforming, Fischer—Tropsch synthesis, and alcohol-to-jet routes can also transform intermediates into fuels. Catalyst lifetime, hydrogen
source, pressure, impurity tolerance, and product separation strongly influence cost and emissions.

5.4 Integrated and hybrid pathways

Integrated systems combine conversion technologies to exploit complementary strengths. Examples include anaerobic digestion of fermentation residues,
gasification of lignin-rich solids, hydrothermal processing of wet residues, and catalytic upgrading of bio-oils. Integration may reduce waste and improve
heat use, but it can also increase capital requirements and create complex process-control demands. A robust design prioritizes overall carbon and energy
efficiency, reliable operation, and a clear market for co-products.

6. BIOETHANOL, BIOBUTANOL, BIOMETHANE, BIOHYDROGEN, AND SAF

Biofuels serve different applications and are not interchangeable without considering energy density, infrastructure, safety, engine design, and standards.
This section summarizes five important fuel families.
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6.1 Bioethanol

Ethanol is produced by fermenting sugars derived from sugar crops, starch hydrolysis, or lignocellulosic biomass. Distillation concentrates ethanol, while
dehydration is used where anhydrous ethanol is required for gasoline blending. Conventional plants can be efficient where sugar or starch feedstocks are
available; cellulosic routes can use residues but require pretreatment, enzymes, and effective mixed-sugar fermentation.

Ethanol has high octane quality and can reduce petroleum use in gasoline blends. However, it has lower volumetric energy density than gasoline and is
hygroscopic, which affects storage and distribution. The overall climate benefit depends on cultivation, fertilizer, process heat, co-product treatment, and
land-use impacts.

6.2 Biobutanol

Biobutanol, commonly n-butanol, can be produced by fermentation using solvent-producing microorganisms. Compared with ethanol, butanol has higher
energy density, lower volatility, and less affinity for water, making it attractive as a potential transport-fuel component. However, conventional
fermentation may suffer from low product concentrations, toxicity to microorganisms, complex product recovery, and lower productivity. Strain
engineering, gas stripping, pervaporation, and other in-situ recovery methods are being studied to improve performance.

6.3 Biomethane

Biomethane is upgraded biogas in which carbon dioxide and contaminants have been reduced to meet a specified gas quality. Upgrading methods include
water scrubbing, membrane separation, pressure-swing adsorption, and chemical absorption. Sulphur compounds and moisture must be controlled;
siloxane removal may be important for some waste-derived gases. Biomethane can be injected into gas networks or compressed/liquefied for transport
use where infrastructure and standards allow.

Methane leakage is a critical issue because methane is a potent greenhouse gas. Climate performance depends on leak prevention across digesters, gas
upgrading, storage, transport, and end use. Digestate management and the displaced waste-treatment pathway also influence the overall result.
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6.4 Biohydrogen

Biohydrogen can be produced through dark fermentation, photo-fermentation, biological water-splitting concepts, or as hydrogen-rich gas from
thermochemical gasification followed by gas conditioning. Dark fermentation converts organic substrates into hydrogen and organic acids; yields are
limited by microbial metabolism and residual organic matter often requires further treatment. Photobiological approaches use light but face challenges in
light penetration, oxygen sensitivity, and reactor productivity.

Hydrogen produced from biomass gasification is not strictly a biological product, but it is often discussed within the broader bioenergy family.
Gasification-based hydrogen requires tar and contaminant removal, water-gas shift, and separation. Its climate benefit improves when feedstocks are
sustainable, process heat is low-carbon, and any carbon capture is robustly accounted for.
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6.5 Sustainable aviation fuel (SAF)

SAF is abroad category of aviation fuels that meet applicable aviation specifications and sustainability criteria. Potential pathways include hydroprocessed
esters and fatty acids (HEFA), alcohol-to-jet (ATJ), Fischer—Tropsch synthesis from gasified biomass, and emerging routes based on other intermediates.
SAF is important because long-distance aviation has demanding energy-density requirements and limited near-term alternatives to liquid hydrocarbons.

Each pathway has different feedstock and infrastructure constraints. HEFA technology is relatively established but depends on limited lipid resources;
ATJ requires alcohol production and conversion; biomass-to-liquid routes require gasification, gas cleaning, synthesis, and upgrading. Fuel approval,
aromatic content, blending requirements, lifecycle carbon intensity, and reliable feedstock certification are all important. SAF should not be assumed to
be zero-emission: combustion still releases carbon dioxide and non-CO2 aviation effects remain relevant.

Fuel Main route Potential role Main constraints

Bioethanol Sugar/starch or cellulosic Gasoline blending Energy density, water handling, land-use
hydrolysis + fermentation and process emissions.

Biobutanol Fermentation + recovery Blendstock or Low titres, inhibition and separation cost.

chemical platform

Biomethane Anaerobic digestion + Gas grid, heat, power Methane leakage, gas quality, digestate.
upgrading and transport

Biohydrogen Fermentation or gasification + Fuel cells and Low yields or complex gas cleanup;
purification industrial feedstock storage and distribution.

SAF HEFA, ATJ, FT and other Aviation Cost, sustainable feedstock limits,
approved pathways decarbonization certification and scale.

7. TECHNO-ECONOMIC ANALYSIS (TEA) AND LIFE-CYCLE ASSESSMENT (LCA)

TEA and LCA answer different but complementary questions. TEA evaluates whether a process can be financially viable under stated assumptions; LCA
evaluates environmental burdens across a defined life cycle. Both are highly sensitive to system boundaries, feedstock assumptions, plant scale, energy
prices, allocation methods, and technology maturity.

7.1 Techno-economic analysis

A TEA commonly defines the process design and mass/energy balances, estimates equipment and installation costs, calculates capital expenditure
(CAPEX) and operating expenditure (OPEX), identifies revenue streams, and evaluates financial indicators. Typical metrics include minimum fuel selling
price (MFSP), net present value (NPV), internal rate of return (IRR), payback period, and sensitivity to uncertain inputs.

Techno-Economic Analysis (TEA): cost structure and sensitivity [illustrative values]

(a) Typical operating-cost structure

Waste handling & (b) Sensitivity (tornado) analysis
distribution
%
Labour & Feedstock price 4

maintenance
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Feedstock
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(heat, power, w breakdown Capacity factor -
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16% Catalysts / enzymes Discount rate -
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CAPEX may include feedstock preparation, reactors, separation, utilities, storage, wastewater treatment, emissions control, and site infrastructure. OPEX
includes feedstock, enzymes or catalysts, chemicals, hydrogen, electricity, heat, labour, maintenance, water, waste handling, and distribution. Co-
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products—such as electricity, lignin, glycerol, digestate, biochar, or recovered chemicals—may improve revenue, but only if markets and quality
requirements are credible.

A sound TEA distinguishes nth-of-a-kind commercial plants from first-of-a-kind demonstrations. Early plants often face higher engineering costs, lower
availability, commissioning delays, and uncertain yields. Capacity factor, financing, contingency, plant lifetime, depreciation, taxes, and product
specifications should be disclosed. A single point estimate is insufficient; scenario and sensitivity analyses are needed.

7.2 Life-cycle assessment

LCA systematically evaluates environmental inputs and outputs across a product system. The ISO 14040/14044 framework describes four broad phases:
goal and scope definition, life-cycle inventory, impact assessment, and interpretation. A study should state its functional unit, such as one megajoule of
fuel delivered, one tonne of feedstock processed, or one vehicle-kilometre. Comparisons are meaningful only when functional units and system boundaries
are aligned.

A well-to-wheel or cradle-to-grave boundary may include feedstock production, fertilizer and chemical manufacture, land-use change, collection,
transport, conversion, fuel distribution, use, and end-of-life effects. For biofuels, biogenic carbon accounting and land-use assumptions are particularly
consequential. Results can change when residues are assigned no upstream burden, when co-products receive economic or mass allocation, or when
system expansion is used to represent displaced products.

7.3 Impact categories and carbon accounting

Climate change is only one impact category. LCA may also consider particulate matter, acidification, eutrophication, photochemical ozone formation,
human toxicity, ecotoxicity, water use, mineral and fossil resource use, and land occupation. A fuel can reduce greenhouse-gas emissions yet perform
poorly for water scarcity or nutrient pollution. Reporting only carbon intensity can therefore conceal burden shifting.

Biogenic carbon dioxide released during combustion may be partly offset by regrowth, but the timing and additionality of that regrowth matter. Carbon
debt can arise if conversion of forests or grasslands releases stored carbon. Indirect land-use change is uncertain and model-dependent, but should not be
ignored where expansion of biofuel demand affects agricultural markets. Methane leakage from biogas systems and hydrogen source emissions from
hydroprocessing can also materially affect results.

7.4 Linking TEA and LCA

Integrated TEA-LCA can reveal trade-offs. Increasing pretreatment severity may raise sugar yield but increase chemical use and wastewater treatment.
Using renewable hydrogen can reduce emissions but raise operating cost. Carbon capture may improve climate metrics while increasing capital
expenditure and energy consumption. Multi-objective optimization can identify Pareto-efficient designs rather than a single supposedly best solution.

Decision variable Economic effect to test Environmental effect to test

Feedstock type and price Delivered cost, reliability, storage Land use, soil carbon, transport and alternative use
Pretreatment severity Yield, chemicals, maintenance Energy, water, inhibitors and effluent

Process heat source Utility cost and efficiency GHG emissions and air pollutants

Hydrogen supply Fuel upgrading cost Upstream carbon intensity and water demand
Co-product strategy Revenue and market risk Allocation, substitution and avoided waste treatment
Plant scale/location CAPEX, logistics and utilization Transport distance, local water and ecosystem impacts

For transparent reporting, studies should publish assumptions, inventory data where possible, uncertainty ranges, and sensitivity results. The purpose of
TEA-LCA is not to create a universal ranking but to identify conditions under which a pathway is viable and sustainable.

13. CONCLUSIONS

Sustainable biofuel production is a system-level engineering challenge involving resource selection, pretreatment, conversion, upgrading, logistics, and
responsible use of co-products. Biofuels can support energy security and reduce life-cycle emissions in applications where dense, storable liquid or
gaseous fuels remain valuable. Their benefits, however, depend on feedstock origin, land and water management, process energy, hydrogen supply,
methane control, and the fate of by-products.

First-generation pathways are comparatively mature but may compete with food and land resources. Advanced pathways using residues, wastes, and non-
food biomass can reduce direct competition but face feedstock collection, compositional variability, pretreatment, conversion, and scale-up challenges.
Thermochemical processes provide broad feedstock flexibility and multiple products; biochemical processes can achieve selective conversion under mild
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conditions but may be limited by inhibitors, residence time, and microbial performance. Hybrid biorefineries can improve resource recovery when
integration is supported by robust process design.

Biodiesel and renewable diesel must be distinguished by their chemistry and production route. Ethanol, butanol, biomethane, biohydrogen, and SAF each
address different end-use needs and carry distinct infrastructure and sustainability requirements. TEA and LCA should be conducted together, using
transparent system boundaries, realistic market assumptions, and multiple environmental indicators. Al, sensors, digital twins, and Industry 4.0 systems
offer opportunities for predictive control, maintenance, and supply-chain optimization, but depend on reliable data, validation, and safe integration.

The central conclusion is that no single biofuel pathway is universally sustainable or economically superior. Progress requires locally appropriate
feedstock strategies, integrated and efficient conversion, credible life-cycle evidence, dependable markets, and policies that reward verified performance.
Future research should move beyond isolated yield improvements toward reliable, scalable systems that recover carbon and energy efficiently while
protecting soil, water, biodiversity, and community interests.

APPENDIX A: ABBREVIATIONS

Abbreviation Meaning

AD Anaerobic digestion

ATJ Alcohol-to-jet

CAPEX Capital expenditure

FAME Fatty-acid methyl esters

GHG Greenhouse gas

HEFA Hydroprocessed esters and fatty acids
HTL Hydrothermal liquefaction

lloT Industrial internet of things

LCA Life-cycle assessment

MFSP Minimum fuel selling price

ML Machine learning

NPV Net present value

OPEX Operating expenditure

SAF Sustainable aviation fuel

SHF Separate hydrolysis and fermentation
SSF Simultaneous saccharification and fermentation
TEA Techno-economic analysis
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