Page 1117 - 1123

INTERNATIONAL JOURNAL OF LAW
MANAGEMENT & HUMANITIES
[ISSN 2581-5369]

Volume 9 | Issue 4
2026

© 2026 International Journal of Law Management & Humanities

Follow this and additional works at: https://www.ijlmh.com

Under the aegis of VidhiAagaz — Inking Your Brain (https://www.vidhiaagaz.com/)

This article is brought to you for free and open access by the International Journal of Law Management &
Humanities at VidhiAagaz. It has been accepted for inclusion in the International Journal of Law
Management & Humanities after due review.

In case of any suggestions or complaints, kindly contact support@vidhiaagaz.com.

To submit your Manuscript for Publication in the International Journal of Law Management &
Humanities, kindly email your Manuscript to submission@jijlmh.com.



file:///E:/IJLMH/Volume%205/Issue%205/3682/submission@ijlmh.com
mailto:support@vidhiaagaz.com
https://www.vidhiaagaz.com/
https://www.ijlmh.com/
https://www.ijlmh.com/publications/volume-ix-issue-iv/

1117 International Journal of Law Management & Humanities [Vol. 9 Iss 4, 1117]

Biogas Futures: Bioengineering Innovations,
Energy Security and Legal Pathways for

Sustainable Transitions

GSS NEEHARIKA"
ABSTRACT

Biogas represents a renewable energy pathway that simultaneously addresses waste
management, greenhouse gas reduction, and decentralised energy production, making it
highly relevant to global energy security. Advances in bioengineering, particularly
microbial optimisation, genetic modification, and process innovation, have improved
biogas yields and efficiency, offering scalable solutions for both rural and urban contexts.
Despite that potential, biogas adoption remains uneven because of gaps in supportive legal
frameworks, regulatory clarity, and integration into national energy strategies. Existing
scholarship often isolates technical innovation from policy and legal analysis, leaving a gap
in understanding how bioengineering advances can be aligned with energy security
objectives under effective governance. This paper seeks to bridge that gap by examining the
intersection of biogas technology, bioengineering breakthroughs, energy security
imperatives, and legal frameworks. Drawing brief illustrative reference to developments
in India and to selected European and Chinese experience, the study reviews bioengineering
innovations alongside the policy and regulatory considerations bearing on their
deployment. It argues that bioengineering can substantially raise biogas yields, that
decentralised biogas adoption enhances energy security by reducing fossil fuel dependence,
and that legal frameworks play a decisive role in scaling biogas markets through incentives,
safety regulation, and integration into energy grids. On that basis the paper proposes a
governance roadmap that integrates scientific innovation, energy security strategy, and
legal regulation to accelerate biogas adoption. In doing so it positions biogas not merely as
a technical solution but as a component of sustainable energy transition, linking
bioengineering progress with policy and law.

Keywords: biogas, bioengineering, energy security, legal frameworks, sustainable

transition

* Author is an Assistant Professor of Law at Vignan Institute of Law, Vignan's University, Andhra Pradesh, India.
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I. INTRODUCTION

The global energy landscape is undergoing a profound transformation as nations seek
sustainable alternatives to fossil fuels in response to climate change, resource depletion, and
geopolitical vulnerabilities.! Among renewable energy sources, biogas has emerged as a
versatile solution that simultaneously addresses waste management, greenhouse gas mitigation,
and decentralised energy production.” Its potential to contribute to energy security is particularly
significant for countries reliant on imported fossil fuels, offering a pathway towards resilience
and self-sufficiency.® At the same time, advances in bioengineering have transformed biogas
production, enabling microbial design and feedstock optimisation that enhance efficiency,
scalability, and economic viability.* These scientific innovations cannot, however, be realised
in isolation; they require robust legal and policy frameworks to regulate safety, incentivise

adoption, and integrate biogas into national energy strategies.’

Despite its promise, biogas development faces critical challenges. Technical barriers such as
process instability, uneven yields, and feedstock variability persist, while legal uncertainties and
fragmented policies hinder widespread adoption.® Current scholarship often treats
bioengineering, energy security, and law as separate domains, leaving a gap in integrated
analysis that connects scientific innovation with governance and strategic energy planning.
Addressing that gap is essential if biogas is to be positioned not merely as a technical solution

but as a cornerstone of sustainable energy transition.’

! Global Energy Systems Under Strain Amid Climate Crisis, Geopolitical Turmoil and Tech Disruption: WEF,
DOWN TO EARTH (June 20, 2025), https://www.downtoearth.org.in/energy/global-energy-systems-under-strain-
amid-climate-crisis-geopolitical-turmoil-and-tech-disruption-wef.

> Ahmed Alengebawy, Yi Ran, Ahmed 1. Osman et al., Anaerobic Digestion of Agricultural Waste for Biogas
Production and Sustainable Bioenergy Recovery: A Review, 22 ENVTL. CHEM. LETTERS 2641 (2024),
https://doi.org/10.1007/s10311-024-01789-1.

> Can Biogas Reduce India's Dependence on LPG Imports?, ECO SUSTAIN EXPo (Jan. 2025),
https://ecosustainexpo.in/can-biogas-reduce-indias-dependence-on-lpg-imports/.

*A. Das, S. Das, N. Das, P. Pandey, B. Ingti, V. Panchenko, V. Bolshev, A. Kovalev & P. Pandey, Advancements
and Innovations in Harnessing Microbial Processes for Enhanced Biogas Production from Waste Materials, 13
AGRICULTURE 1689 (2023), https://doi.org/10.3390/agriculture13091689.

> A. Hashemizadeh & M.A. Dar, Policy and Regulatory Frameworks for Sustainable Production of Advanced
Biofuels, in ADVANCED BIOFUELS AND CIRCULAR ECONOMY: TECHNOECONOMIC, SOCIOECONOMIC, AND
ENVIRONMENTAL IMPLICATIONS 333 (Rahil Akhtar Usmani, Mudasir A. Dar & Akram Ahmad Khan eds., Palgrave
Macmillan, Cham 2025), https://doi.org/10.1007/978-3-031-86934-1 13.

¢ ].C. DelaVega-Quintero, J. Nufiez-Pérez, M. Lara-Fiallos, P. Barba, J.L. Burbano-Garcia & R. Espin-Valladares,
Advances and Challenges in Anaerobic Digestion for Biogas Production: Policy, Technological, and Microbial
Perspectives, 13 PROCESSES 3648 (2025), https://doi.org/10.3390/pr13113648; Manasa P., Kruthi Doriya,
Paramjeet Saroj et al., Advancements and Challenges in Biogas Technology: A Comprehensive Review on
Sustainable Approach to Waste Management and Renewable Energy, 19 BIOENERGY RES. 7 (2026),
https://doi.org/10.1007/s12155-025-10924-x.

7 A. Nahwani, S. Soeprijanto & E. Widodo, Strategic Model for Integrating Biogas: A Framework for Sustainable
Energy Integration in Agro-Industries, 14 SCI. REP. 31515 (2024), https://doi.org/10.1038/s41598-024-83181-1.
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This paper therefore explores the intersection of bioengineering innovations, energy security
imperatives, and legal frameworks in shaping the future of biogas. By examining case studies
across diverse national contexts, it seeks to develop a governance roadmap that aligns
technological progress with policy and law, ensuring that biogas contributes meaningfully to

global energy resilience and sustainability.

II. SYNERGISTIC APPROACHES: INTEGRATING MICROBIAL DESIGN AND

FEEDSTOCK MANAGEMENT

Bioengineering innovations focused on microbial design and raw material optimisation have
proved essential for enhancing the efficiency and production capacity of large-scale biogas
systems.® Traditional anaerobic digestion often suffers from low yields and process instability,
stemming from the heterogeneity of raw materials and suboptimal microbial activity.” By
genetically modifying microbial consortia, selecting specific strains, or using microbial
additives, researchers can tailor metabolic pathways to maximise methane yield and improve

tolerance to inhibitory compounds such as ammonia or volatile fatty acids."

Raw material optimisation complements microbial engineering by ensuring substrate balance
in terms of carbon-to-nitrogen ratio, lignocellulosic complexity, and moisture content.'’ Co-
digestion strategies, which combine diverse raw materials such as agricultural residues and
municipal waste, have demonstrated significant improvements in process performance and

stability."

The optimisation of raw material combinations through simulation modelling increased yield
variability but enabled the identification of co-digestion strategies that stabilised production
while maintaining economic viability.”” Microbial engineering approaches allow

microorganisms to utilise diverse waste streams, converting them into biogas and value-added

& Nikhil Aggarwal, Hoang Long Pham, Bibhuti Ranjan et al., Microbial Engineering Strategies to Utilize Waste
Feedstock for Sustainable Bioproduction, 2 NAT. REV. BIOENG. 155 (2024), https://doi.org/10.1038/s44222-023-
00129-2.

° Paramjeet Dhull, Sachin Kumar, Nisha Yadav & Rajesh Kumar Lohchab, 4 Comprehensive Review on Anaerobic
Digestion with Focus on Potential Feedstocks, Limitations Associated and Recent Advances for Biogas Production,
32 ENVIRON. SCI. POLLUT. RES. 19129 (2025), https://doi.org/10.1007/s11356-024-33736-6.

' A. Mashaka & R. Iddphonce, The Potential of Utilizing Novel Microbial Consortia and Genetically
Engineered Microorganisms to Enhance Methane Yield During Anaerobic Digestion: A Review, 17 J. RENEWABLE
SUSTAINABLE ENERGY 062702 (2025), https://doi.org/10.1063/5.0280012.

" C.E. Manyi-Loh & R. Lues, Anaerobic Digestion of Lignocellulosic Biomass: Substrate Characteristics
(Challenge) and Innovation, 9 FERMENTATION 755 (2023), https://doi.org/10.3390/fermentation9080755.

2 J.P. de Carvalho & L.C.R.S. Teixeira, Co-Digestion's Perspective on Biogas Production from Sewage Sludge
and Food Waste: A Systematic Review, 22 INT'L J. ENVTL. Scl. & TECH. 1891 (2025),
https://doi.org/10.1007/s13762-024-05835-x.

® Anjali Ramachandran, Rabee Rustum & Adebayo J. Adeloye, Review of Anaerobic Digestion Modeling and
Optimization Using Nature-Inspired Techniques, 7 PROCESSES 953 (2019), https://doi.org/10.3390/pr7120953.
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products and thereby extending biogas systems beyond traditional agricultural inputs.'*
Microbial community engineering and the use of microbial additives have significantly
improved process efficiency, particularly when applied to mixed raw materials, underscoring

the synergy between microbial design and raw material optimisation."
II1. DECENTRALISED BIOGAS SYSTEMS AND ENERGY SECURITY

Decentralised biogas systems contribute to national and local energy security by reducing
reliance on fossil fuels and imports, through local electricity generation, energy recovery from
waste, and enhanced resilience against supply disruptions.'® Unlike centralised fossil fuel
infrastructure, biogas facilities can be established at the community, village, or household level,
ensuring distributed energy production that is less vulnerable to geopolitical shocks or global

price volatility."”

Bioengineering innovations applied to microbial design and feedstock optimisation enhance the
efficiency of these decentralised systems, rendering them more reliable and economically
viable. Improved microbial consortia boost methane yield, while optimised feedstock strategies
such as the co-digestion of agricultural and municipal waste ensure stable production even in

resource-constrained environments.'®

In rural Andhra Pradesh, new green energy projects are growing rapidly: a biogas plant reported
at around Rs. 102 crore is under construction, and it will use agricultural waste to generate
power and support both the energy sector and the rural economy.'” Bioengineering interventions
such as microbial inoculation have enhanced the performance and scalability of digesters.* In

Germany, the energy transition policy framework (Energiewende) has supported the

¥ C.C. Obi & 0.0. Amund, Microbial Bioconversion of Agro-Industrial Wastes into Value-Added Products, in
ECOFRIENDLY FRONTIERS: HARNESSING MICROBIAL APPLICATIONS FOR FOOD SECURITY 345 (Olubukola Oluranti
Babalola, Olukayode Oladipo Amund & Akinlolu Olalekan Akanmu eds., Springer, Cham 2025),
https://doi.org/10.1007/978-3-031-98700-7_13.

> Xijaoyong Li, Zhi Wang, Yun He et al., 4 Comprehensive Review of the Strategies to Improve Anaerobic
Digestion:  Their ~ Mechanism  and  Digestion — Performance, =3 ~ METHANE 227  (2024),
https://doi.org/10.3390/methane3020014.

' Tao Luo, Bo Shen, Zili Mei et al., Unlocking the Potential of Biogas Systems for Energy Production and Climate
Solutions in Rural Communities, 15 NAT. COMMUN. 5900 (2024), https://doi.org/10.1038/s41467-024-50091-9.

7 INDIAN BIOGAS ASSOCIATION, Biogas Set to Power India's Clean Energy, Rural Growth, Climate Action: IBA
(May 12, 2025), https://biogas-india.com/biogas-set-to-power-indias-clean-energy-rural-growth-climate-action-
iba/.

¥ F. Alatriste-Mondragon, P. Samar, H.H.J. Cox, B.K. Ahring & R. Iranpour, Anaerobic Codigestion of Municipal,
Farm, and Industrial Organic Wastes: A Survey of Recent Literature, 78 WATER ENV'T RES. 607 (2006).

' Shrutika Kadam, Biogas Plant Construction Project to Power North Andhra's Green Industrial Push, MAXIM
INFRA NEWS (Nov. 13, 2025), https://maximinfra.in/biogas-plant-construction-project-to-power-north-andhras-
green-industrial-push/.

?® Mozhdeh Alipoursarbani, Jeroen Tideman, Mitzy Lopez & Christian Abendroth, Bioaugmentation in Anaerobic
Digesters: A Systematic Review, 19 BIOTECHNOLOGY FOR BIOFUELS AND BIOPRODUCTS 25 (2026),
https://doi.org/10.1186/s13068-026-02746-6.
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development of decentralised biogas plants integrated with local electricity grids.”’ Raw
material optimisation achieved through the co-digestion of corn silage and manure has
significantly increased yields, thereby contributing to national energy resilience.”? In China,
pilot projects in rural provinces have demonstrated that decentralised biogas systems not only
reduce reliance on coal but also improve energy access in rural areas. Advances in microbial
design through bioengineering have stabilised digestion processes, making small-scale plants

more efficient.”

Decentralised biogas systems, bolstered by bioengineering innovations, offer a dual advantage:
they enhance local energy independence while contributing to national energy security.” By
reducing fossil fuel imports and diversifying energy sources, they align with the principles of
sustainable development and with efforts to address climate change.” Favourable legal
frameworks and policies nevertheless remain essential for the large-scale deployment of these

systems, ensuring their safety and incentivising their adoption.

IV. LAWS, POLICIES, AND GOVERNANCE MODELS FOR BIOENGINEERED

BIOGAS

The integration of bioengineered biogas technologies into energy markets is profoundly
conditioned by existing laws and policies, which can either foster or hinder their adoption.
Favourable legal frameworks offer incentives, establish safety standards, and facilitate market
access for biogas integration. Conversely, regulatory fragmentation, a lack of clarity regarding
genetically modified microorganisms, and inadequate infrastructure policies can slow their

implementation.”’

In India, recent government initiatives have mandated blending obligations for compressed

biogas (CBG) with compressed natural gas (CNG) and piped natural gas (PNG), thereby

' Biogas Ensures Stable Networks, ENERGIEFORSCHUNG.DE (Feb. 28, 2019, updated Nov. 20, 2024),
https://www.energieforschung.de/en/home/project-insights/2019/biogas-ensures-stable-networks.

2 Abrar Inayat, Shams Forruque Ahmed, F. Djavanroodi, Fatima Al-Ali, Mira Alsallani & Shama Mangoosh,
Process Simulation and Optimization of Anaerobic Co-Digestion, 9 FRONTIERS IN ENERGY RSCH. 764463 (2021),
https://doi.org/10.3389/fenrg.2021.764463.

2 About the Sichuan Household Biogas Programme, SICHUAN HOUSEHOLD BIOGAS PROGRAMME,
https://household-biogas.com/about/.

* Lixiao Zhang & Changbo Wang, Energy and GHG Analysis of Rural Household Biogas Systems in China, 7
ENERGIES 767 (2014).

» INTL ENERGY AGENCY, Delivering  Sustainable  Fuels:  Pathways to 2035  (2025),
https://www.iea.org/reports/delivering-sustainable-fuels.

** INT'L RENEWABLE ENERGY AGENCY, INT'L ENERGY AGENCY & REN21, Renewable Energy Policies in a Time
of Transition (2018), https://www.iea.org/reports/renewable-energy-policies-in-a-time-of-transition.

” INT'L ENERGY AGENCY, OQutlook for Biogas and Biomethane: Prospects for Organic Growth (2020),
https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth.
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creating a guaranteed market for producers.?® Financial incentives for biomass aggregation and
pipeline transport infrastructure support this integration, reducing reliance on imported
liquefied natural gas (LNG) and contributing to decarbonisation.”” Similarly, in Europe,
comprehensive legislation under the framework of the Renewable Energy Directive has fostered
the adoption of biogas by establishing clear sustainability criteria and providing subsidies to
renewable energy producers, making Europe the leading contributor to global biogas

production.*

To accelerate adoption, governance must evolve towards integrated models that combine
science-based regulation, market incentives, and environmental safeguards. A proposed

governance framework includes the following:

e Clear legal recognition of genetically modified microorganisms within energy

legislation.

e Infrastructure policies aimed at integrating biogas.

e Market instruments, such as feed-in tariffs and blending mandates.

e International cooperation to harmonise standards and facilitate technology transfer.

The examples discussed above underscore that robust governance, combining legal clarity,
infrastructure support, and market incentives, is essential for the large-scale deployment of

genetically modified biogas technologies within traditional energy markets.
V. CONCLUSION

Bioengineering innovations focused on microbial design and raw material optimisation are
making biogas production more efficient, stable, and scalable for industrial application.
Decentralised biogas systems, enabled by these advances, reduce reliance on fossil fuels and
imports, thereby bolstering energy security at both local and national levels. The examples
discussed across jurisdictions demonstrate that where technology is coupled with a supportive
legislative and policy framework, biogas can become a reliable pillar of the energy transition.
To accelerate its adoption, governance frameworks must integrate science-based regulation,

infrastructural support, and market incentives. Ultimately, biogas serves as a bridge between

?® MINISTRY OF PETROLEUM & NATURAL GAS, Gov't of India, Government Announces Mandatory Blending of
Compressed Bio-Gas in CNG (Transport) & PNG (Domestic) Segments of CGD Sector (Nov. 2023),
https://pib.gov.in/PressReleasePage.aspx?PRID=1979705.
* PETROLEUM & NATURAL GAS REGULATORY BOARD, Natural Gas Projections: 2030 Base Case 23-24 (2025),
https://pngrb.gov.in/pdf/CaseStudies/20250609 CSR.pdf.
* Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 December 2018 on the Promotion
of the Use of Energy from Renewable Sources (Recast), 2018 O.J. (L 328) 82, as amended by Directive (EU)
2023/2413 of 18 October 2023, 2023 O.J. (L 2023/2413).

© 2026. International Journal of Law Management & Humanities [ISSN 2581-5369]


https://www.ijlmh.com/
https://www.ijlmh.com/

1123 International Journal of Law Management & Humanities [Vol. 9 Iss 4, 1117]

innovation and public policy, offering a tangible pathway towards a resilient and sustainable

energy future.
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