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ABSTRACT

Biotechnology-driven biofuels and biogas present scalable pathways to decarbonize heat, power, and transport while
valorizing organic wastes and residues. This paper reviews core conversion technologies—anaerobic digestion (AD) to
biogas/biomethane, fermentation to bioethanol and biobutanol, transesterification/hydrotreatment to biodiesel/HVO,
gasification plus Fischer-Tropsch (FT) or syngas fermentation to drop-in fuels, and algal biorefineries—assessing their
environmental performance, techno-economic drivers, and systemic roles within circular bioeconomies. Drawing on life-
cycle evidence and techno-economic reasoning, we demonstrate that waste-based bioenergy and advanced biofuels
can deliver substantial greenhouse-gas (GHG) abatement and co-benefits (nutrient recycling, decentralized energy, rural
jobs), provided feedstock sourcing, processing efficiency, and end-of-life pathways are well governed. The paper proposes
implementation principles, policy levers, and research priorities for scaling sustainable biofuel/biogas solutions.

Keywords: Sustainable Energy, Biotechnology.

Journal of Science, Technology and Social Transformation (2025)

INTRODUCTION

The energy system’s decarbonization requires alternatives
to fossil fuels across sectors. Bio-based energy—produced
via microbial and biochemical conversion of biomass and
wastes—can reduce life-cycle GHG emissions, supply
renewable molecules for sectors difficult to electrify (aviation,
shipping), and close nutrient cycles. Biogas (upgraded to
biomethane) and a spectrum of liquid biofuels (bioethanol,
biodiesel, hydrotreated vegetable oil—HVO, sustainable
aviation fuel—SAF) are produced using well-established and
emerging biotechnologies. This paper interrogates these
technologies’ sustainability credentials and the conditions
under which they contribute to a low-carbon, circular
economy.

Objectives

«  Synthesize technological pathways for producing biogas
and biofuels using biotechnology.

« Evaluate environmental and economic performance
using LCA and techno-economic principles.

« Identify co-benefits (waste management, nutrient
recovery, rural development) and risks (land-use change,
indirect emissions).

«  Proposeimplementation principles, policy measures, and
R&D priorities to scale sustainable bioenergy.

METHODOLOGY

This is a narrative-synthesis paper combining
review of peer-reviewed literature, major reports (IEA
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Bioenergy, IPCC, FAO, IEA), and techno-economic
analyses;

« comparative assessment using representative life-cycle
outcomes from existing LCAs; and

« illustrative quantitative comparisons (diagrams) based
on canonical values reported in literature for energy
yields and GHG reductions (presented as indicative, not
site-specific). The analysis uses standard sustainability
criteria: net GHG reduction vs fossil baseline, land and
water use, energy return on investment (EROI), feedstock

sustainability, and circularity potential.

Technology Overview
Anaerobic Digestion (AD) — Biogas / Biomethane

Process

Microbial consortia (hydrolytic, acidogenic, acetogenic,
methanogenic) convert organics to biogas (CH, + CO,).
Upgrading (CO, removal, desulfurization) yields biomethane
for grid injection or vehicle fuel.
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Feedstocks

Source-separated organics, food waste, livestock manure,
sewage sludge, energy crops.

Advantages

Robust tech, decentralized deployment, nutrient-rich
digestate for soil, high GHG abatement when diverting
organics from landfills. Constraints: Gas cleaning, methane
slip, substrate contamination (plastics), logistics.

Fermentation — Bioethanol / Biobutanol

Process

Microbial fermentation (yeasts/bacteria) convert sugars
(and, with pretreatment, lignocellulosic hydrolysates) into
ethanol or butanol. Second-generation (2G) processes use
lignocellulosic residues.

Feedstocks

Sugarcane, corn, sugar beet, lignocellulosic agri-residues,
municipal organics (after hydrolysis).

Advantages

Mature for road transport blending; butanol offers higher
energy density and better blend properties. Constraints: Land
competition for first-generation feedstocks, pretreatment

costs for 2G.

Transesterification / Hydrotreating — Biodiesel
(FAME) / HVO

Process

Vegetable oils or waste fats undergo transesterification
to produce fatty acid methyl esters (FAME, biodiesel).
Hydrotreating yields hydrotreated vegetable oil (HVO) /
renewable diesel with superior cold properties.

Feedstocks
Used cooking oil (UCO), tallow, non-food oils, algae oils.

Advantages

High energy density, drop-in diesel replacement (HVO).
Constraints: Limited feedstock availability; sustainability of
feedstock sourcing; NOx impacts in some cases.

Gasification — Syngas — FT/ Syngas Fermentation —
Drop-in Fuels (SAF, diesel)

Process

Thermochemical conversion of heterogeneous biomass or
MSW to syngas (CO, H,) followed by catalytic FT synthesis
or biological conversion (acetogens) to fuels and chemicals.

Advantages

Flexibility for mixed/woody wastes; produces high-quality
drop-in fuels suitable for aviation; mitigates feedstock

constraints of biochemical routes. Constraints: Capital
intensity; tar management; efficiency penalties.

Algal Biorefineries

Process

Microalgae cultivated on wastewater or CO,-rich flue gases
produce lipids (biodiesel/SAF), proteins, and specialty
products.

Advantages

High per-hectare yields; non-arable land use; wastewater
nutrient uptake. Constraints: Harvesting/drying energy
intensity; cost competitiveness.

Literature Synthesis: Environmental
Performance & Techno-economics

Life-Cycle GHG Impacts

Broadly, waste-based biogas (AD K biomethane) and biofuels
derived from wastes (UCO-to-HVO, AD-derived VFAs to
fuels, gasification of residues to FT fuels) show substantial
GHG reductions—often 60-90% vs fossil fuels—because
they avoid landfill methane and displace fossil energy. First-
generation biofuels (e.g., corn ethanol) can deliver modest
GHG reductions or even increases when indirect land-use
change (ILUQ) is considered. Second-generation (2G) and
advanced biofuels generally perform better when feedstock

is residue-based and process energy is renewable.

Energy Yields & EROI

Energy yields per tonne feedstock and EROI vary by pathway
(illustrative values shown in Diagram 2). Biodiesel and
algal oils provide higher energy per tonne but depend on
feedstock intensity. AD has lower per-tonne energy yield
but excels when co-benefits (waste management, digestate

use) are included.

Economics & Scale

AD and sugar/starch fermentation have lower capital intensity
and quicker payback at modest scales; gasification and FT

lllustrative Comparison: Energy Yield & GHG Reduction
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BIOFUELS & BIOGAS PROCESS FLOW
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Figure 2: Biofuels & Biogas Procces Flow.

plants require larger scales and investment but produce
higher-grade fuels. The availability of waste feedstocks and
policy support (renewable fuel credits, tipping fees, carbon

pricing) largely determines project viability.

Data & lllustrative Analysis

(Diagrams provided visualize process flow and an illustrative
comparison across pathways for energy yield and GHG

reduction.)
Key illustrative points (not site-specific)

Biomethane from AD

Energy yield ~18 GJ/tonne feedstock; GHG reduction ~70%
when displacing natural gas and avoiding landfill.

Bioethanol (1G)

~24 GJ/tonne; GHG reduction ~60% in sugarcane cases; lower
for corn in some studies.

Biodiesel (FAME/HVO)

~36 GJ/tonne; GHG reduction ~75% for waste oils; lower if
feedstock is dedicated crop oil.

Gasification—FT or Syngas fermentation

~28 GJ/tonne; GHG reduction ~80% for waste feedstocks and
when powered by renewables.

Algal biodiesel / SAF
High theoretical yields (~40 GJ/tonne) but variable GHG
depending on cultivation energy and drying; reductions
~65% achievable with renewable energy and wastewater
nutrient use.

These figures illustrate that feedstock choice and system
integration (e.g., using renewable electricity, heat integration,
and nutrient recycling) are decisive for sustainability

outcomes.

Co-benefits and Non-GHG Metrics

Waste Management and Circularity

Diverting organics to AD or biorefineries reduces landfill use,
odors, and leachate, and generates digestate or frass as soil
amendments, closing nutrient loops.
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Air Quality and Local Environmental Impacts

Replacing open burning and uncontrolled disposal reduces
particulate emissions; however, some biofuel processes can
change local NOx emissions profiles—requiring engine

calibration and emissions control.

Rural Development and Job Creation

Decentralized AD and feedstock aggregation create local
employment and energy resilience for rural communities.

Risks, Trade-offs, and Sustainability Safeguards
Land-Use Change and Food Security

Large-scale cultivation of energy crops can drive deforestation
and compete with food; policy must prioritize residues,
wastes, and marginal lands.

Indirect Emissions & Leakage

ILUC and indirect emissions from fertilizer use, transport,
and processing can offset benefits; comprehensive LCA and
supply-chain governance are essential.

Feedstock Contamination & PFAS

Organic wastes may contain contaminants (plastics, PFAS)
that complicate AD and downstream product quality—
requiring pretreatment and monitoring.

Sustainability Certification and Traceability

Robust certification schemes (ISCC, RED Il in EU) and chain-
of-custody systems are necessary to ensure low-ILUC and
high GHG savings.

Policy Instruments to Scale Sustainable

Bioenergy

« Feedstock prioritization (waste/residue preference) in
national bioenergy strategies.

« Carbon pricing and renewable fuel mandates to close the
cost gap for advanced biofuels.

« Tipping fee structures and waste collection policies to
secure feedstock streams.

« Support for demonstration and first-of-a-kind projects
(grants, concessional loans).

« Standards and certifications for sustainability (GHG
thresholds, ILUC safeguards).

« Co-benefit accounting (jobs, waste diversion, nutrient
recovery) in project appraisal.

Implementation Principles & Best Practices

+  Prioritize waste and residue feedstocks to avoid land
competition.

« Integrate systems for heat and power recovery; cascade
higher-value products first.

« Use renewable electricity to power high-energy steps
(e.g., drying, syngas cleanup) to maximize GHG benefits.

« Ensure traceability and certification to access premium
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markets and credits.

« Alignlocal socio-economic objectives (rural jobs, energy
access) with project design.

«  Plan for end-of-life of bio-products (e.g., composting for
biomaterials) to close loops.

Research and Innovation Priorities

«  Cost reduction for 2G and advanced biofuels

« pretreatment, enzyme costs, consolidated bioprocessing.

« Gas fermentation and biological syngas conversion
scale-up

« robust microbes tolerant to impurities.

« Integrated biorefineries that co-produce fuels, chemicals,
and proteins to enhance economics.

« Algal cultivation energy efficiency: low-energy harvesting
and drying.

- Feedstock logistics optimization using digital tools and
pooling mechanisms.

«  Monitoring and verification tools for GHG accounting and
feedstock traceability.

CONCLUSION

Biofuels and biogas — when derived from wastes, residues,
and sustainably managed feedstocks — are credible
components of alow-carbon energy portfolio. Biotechnology
enables efficient conversion pathways and opens synergies
with circular economy goals (waste valorization, nutrient
recovery). The sustainability envelope depends on feedstock
choice, integration with renewable power, process efficiency,

and robust governance to prevent adverse land-use or social
impacts. With targeted policy support and technological
innovation, bio-based fuels and biogas can play an important
role in decarbonizing sectors that are otherwise hard to
electrify, while delivering local co-benefits and closing
material cycles.
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