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Abstract 

 

The global transition toward a low-carbon future has intensified the search for sustainable and efficient alternatives to fossil-based 

energy systems. Among the emerging solutions, hydrogen technologies, bioelectrochemical systems (BES), and advanced 

biofuels have attracted significant attention because of their potential to reduce greenhouse gas emissions, improve energy 

security, and support circular bioeconomy strategies. This review examines recent advances in these technologies and their 

contributions to sustainable energy development and decarbonization. Green hydrogen production through water electrolysis 

powered by renewable energy sources is highlighted as a promising pathway for clean fuel generation, particularly for 

transportation, industrial processes, and power applications. The review also explores the role of bioelectrochemical systems, 

including microbial fuel cells and microbial electrolysis cells, in simultaneous energy recovery, wastewater treatment, and carbon 

reduction. In addition, the development of advanced biofuels derived from non-food biomass, algae, and waste materials is 

discussed with emphasis on improved conversion technologies, lifecycle carbon reduction, and applications in hard-to-abate 

sectors such as aviation and heavy transport. Furthermore, the integration of these technologies within renewable energy 

frameworks and circular economy models is critically evaluated. Despite substantial progress, challenges related to production 

cost, infrastructure, scalability, and policy implementation continue to limit widespread adoption. The review concludes that 

continued technological innovation, supportive regulatory frameworks, and strategic investment are essential for accelerating the 

deployment of hydrogen systems, BES, and advanced biofuels toward achieving global low-carbon and net-zero energy goals. 

 

Keywords: Hydrogen energy, Bioelectrochemical systems, Advanced biofuels, Decarbonization, Renewable energy and Low-

carbon future 

Introduction 

 

The increasing demand for sustainable energy and the urgent 

need to mitigate climate change have accelerated the global 

transition toward low-carbon energy systems. Fossil fuel 

dependence continues to contribute significantly to 

greenhouse gas emissions, environmental degradation, and 

energy insecurity, thereby intensifying interest in cleaner and 

renewable energy alternatives (Vedrtnam et al., 2025). In 

response to these challenges, hydrogen technologies, 

bioelectrochemical systems (BES), and advanced biofuels 

have emerged as promising pathways for reducing carbon 

emissions while supporting sustainable industrial and 

economic development. These technologies provide 
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opportunities for renewable energy generation, efficient 

resource utilization, waste valorization, and carbon-neutral 

fuel production, making them important components of future 

low-carbon economies (Zhang et al., 2026). 

 

Hydrogen has gained considerable attention as a clean and 

versatile energy carrier because of its high energy density and 

environmentally friendly combustion properties. Green 

hydrogen, produced mainly through renewable-powered water 

electrolysis, is increasingly viewed as a strategic solution for 

decarbonizing transportation, electricity generation, and 

industrial sectors. Recent advances in electrolysis 

technologies, catalyst optimization, and system modeling have 

significantly improved hydrogen production efficiency and 

operational sustainability (Vedrtnam et al., 2025). In addition, 

biological hydrogen production using microorganisms and 

organic substrates has emerged as an environmentally 

sustainable alternative capable of converting biomass and 

wastewater into valuable energy resources. Industrial-scale 

biological hydrogen production technologies are also 

receiving increasing research attention because of their 

potential integration into renewable energy and waste 

management systems (Teke et al., 2023). 

 

Bioelectrochemical systems represent another important 

technological innovation supporting the transition toward a 

low-carbon future. These systems utilize electroactive 

microorganisms to convert organic compounds into electricity, 

hydrogen, and other bioenergy products while simultaneously 

enabling wastewater treatment and resource recovery 

(Vedrtnam et al., 2025). Technologies such as microbial fuel 

cells and microbial electrolysis cells have demonstrated 

substantial potential for sustainable energy generation and 

environmental remediation. Recent breakthroughs involving 

electrode materials, microbial engineering, and reactor design 

have improved the efficiency and stability of BES applications 

in waste-to-energy conversion processes (Berhouma et al., 

2026). Furthermore, BES technologies contribute significantly 

to sustainable biorefineries by facilitating the recovery of 

valuable products and nutrients from wastewater streams, 

thereby supporting circular bioeconomy principles and 

environmental sustainability (Dattatraya et al., 2022). 

 

Advanced biofuels have also emerged as viable alternatives to 

conventional fossil fuels because of their potential to reduce 

lifecycle greenhouse gas emissions and improve energy 

sustainability (Vedrtnam et al., 2025). Unlike first-generation 

biofuels, advanced biofuels are produced from non-food 

biomass, algae, agricultural residues, and industrial wastes, 

minimizing food competition and environmental concerns. 

Recent progress in fermentation and electroactive 

fermentation technologies has improved biomass conversion 

efficiency and enhanced the production of renewable fuels 

from sustainable feedstocks (de la Puente et al., 2026). 

Additionally, e-biofuels are increasingly recognized for their 

ability to support emissions reduction in hard-to-electrify 

sectors such as aviation, maritime transportation, and heavy 

industries where conventional electrification approaches 

remain technically challenging (Zhang et al., 2026). 

 

This review examines recent advances in hydrogen 

technologies, bioelectrochemical systems, and advanced 

biofuels within the broader context of achieving a sustainable 

low-carbon future. The review focuses on the mechanisms, 

technological developments, and environmental significance 

of these emerging energy systems in reducing greenhouse gas 

emissions and enhancing renewable energy integration. 

Particular emphasis is placed on green and biological 

hydrogen production pathways, electroactive microbial 

technologies, and next-generation biofuels derived from 

renewable and waste-based feedstocks. Furthermore, the 

review critically evaluates the contribution of these 

technologies to circular bioeconomy strategies, sustainable 

industrial processes, and global decarbonization goals. Key 

technological innovations, operational improvements, and 

practical applications are discussed alongside the major 

challenges limiting commercialization and large-scale 

implementation, including economic constraints, 

infrastructural limitations, and process scalability. Emerging 

research trends involving hybrid renewable systems, advanced 

catalysts, and integrated biorefinery approaches are also 

explored as potential strategies for improving efficiency and 

accelerating deployment. Overall, this review aims to provide 

a comprehensive understanding of how hydrogen 

technologies, bioelectrochemical systems, and advanced 

biofuels can collectively support the transition toward 

resilient, sustainable, and low-carbon energy systems in the 

future. 

  

Hydrogen Technologies for Decarbonization 

 

Hydrogen technologies have emerged as critical components 

of global decarbonization strategies because of their ability to 

support clean energy production, reduce greenhouse gas 

emissions, and improve energy security (Vedrtnam et al., 

2025). Hydrogen is considered a versatile low-carbon energy 

carrier capable of integrating renewable energy into 

transportation, industrial, and power systems. Depending on 

the production pathway, hydrogen can be categorized as grey, 

blue, turquoise, or green hydrogen. Among these pathways, 

green hydrogen produced through renewable-powered 

electrolysis is regarded as the most environmentally 

sustainable option because it generates little or no direct 

carbon emissions during production (Reda et al., 2024). Blue 

hydrogen, which combines natural gas reforming with carbon 

sequestration technologies, has also gained importance as a 

transitional low-carbon solution for reducing industrial 

emissions (Monye et al., 2025). The increasing adoption of 

carbon capture and storage technologies further strengthens 

the role of low-carbon hydrogen in achieving global net-zero 

emission targets (Durakovic et al., 2023). 

Sustainable hydrogen production technologies continue to 

advance rapidly as researchers seek cleaner, more efficient, 

and economically viable methods of hydrogen generation. 

Water electrolysis powered by renewable energy sources such 
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as solar and wind remains the dominant technology for green 

hydrogen production. Significant progress in alkaline 

electrolysis, proton exchange membrane electrolysis, and solid 

oxide electrolysis has improved system durability, hydrogen 

purity, and energy efficiency (Vedrtnam et al., 2025). In 

addition to electrolysis, biological hydrogen production 

technologies are receiving growing attention because they 

enable renewable hydrogen generation from biomass and 

organic wastes through microbial processes (Teke et al., 

2023). Furthermore, bioelectrochemical hydrogen production 

systems utilizing agro-industrial wastewater have 

demonstrated considerable potential for simultaneous 

hydrogen production and wastewater treatment, thereby 

supporting circular bioeconomy principles and environmental 

sustainability (Berhouma et al., 2026). These innovations are 

expected to improve the scalability and sustainability of future 

hydrogen production systems. 

Despite substantial advancements in hydrogen production, 

storage and distribution remain major technical and economic 

challenges affecting large-scale hydrogen deployment. 

Hydrogen possesses low volumetric energy density, making 

its storage and transportation difficult compared with 

conventional fossil fuels. Current storage technologies include 

compressed gaseous hydrogen, liquefied hydrogen, 

underground storage, metal hydrides, and liquid organic 

hydrogen carriers, each associated with specific operational 

benefits and limitations (Xie et al., 2024). High-pressure 

storage systems increase infrastructural costs and safety 

concerns, while hydrogen liquefaction requires significant 

energy input because of extremely low operating 

temperatures. Recent advances in storage materials, 

nanotechnology, and underground hydrogen storage systems 

have shown promise for improving storage efficiency and 

long-term safety (Farooq et al., 2026). In addition, the 

development of reliable hydrogen transportation networks 

involving pipelines, shipping systems, and integrated 

distribution infrastructures remains essential for enabling 

widespread commercialization of hydrogen technologies 

(Rampai et al., 2024). 

Hydrogen technologies are increasingly being applied across 

transportation, power generation, and industrial sectors 

because of their strong potential for reducing carbon emissions 

and supporting sustainable energy transitions. In the 

transportation sector, hydrogen fuel cells are being integrated 

into buses, trucks, trains, ships, and heavy-duty vehicles where 

battery electrification remains less practical because of energy 

density and charging limitations (Zhao et al., 2025). Hydrogen 

is also gaining importance in electricity systems as a long-

duration energy storage medium capable of balancing 

intermittent renewable power generation. In industrial 

applications, hydrogen is increasingly utilized for low-carbon 

steel production, ammonia synthesis, petroleum refining, and 

chemical manufacturing processes aimed at reducing fossil 

fuel dependence and industrial carbon emissions (Durakovic et 

al., 2023). Moreover, recent technological advances involving 

electrolyzer optimization, advanced catalysts, digital 

monitoring systems, and integrated renewable-hydrogen 

networks have significantly improved system efficiency and 

reduced lifecycle greenhouse gas emissions (Coelho et al., 

2025). Collectively, these developments position hydrogen as 

a strategic energy vector for supporting future low-carbon 

economies and sustainable industrial transformation. 

 

Bioelectrochemical Systems in Low-Carbon Energy and 

Waste Management 

 

Bioelectrochemical systems (BES) have emerged as 

innovative technologies for sustainable energy generation, 

wastewater treatment, and resource recovery within low-

carbon energy frameworks (Vedrtnam et al., 2025). These 

systems integrate microbiology and electrochemistry to 

convert organic substrates into electricity, hydrogen, and other 

value-added products through the metabolic activities of 

electroactive microorganisms. BES technologies are 

increasingly recognized for their ability to support circular 

bioeconomy strategies by simultaneously treating waste 

streams and recovering renewable energy resources (Jung et 

al., 2020). In addition, their low environmental footprint and 

potential for greenhouse gas mitigation make them promising 

alternatives to conventional energy-intensive wastewater 

treatment systems. 

Among the most widely studied BES configurations are 

microbial fuel cells (MFCs) and microbial electrolysis cells 

(MECs). Microbial fuel cells generate electricity directly from 

the microbial degradation of organic matter, while microbial 

electrolysis cells utilize external voltage input to produce 

hydrogen and other biofuels. These systems rely on efficient 

electron transfer between microorganisms and electrodes to  

sustain electrochemical reactions (Chakma et al., 2025). 

Recent studies have demonstrated the growing potential of 

MECs for sustainable biohydrogen production using 

engineered microbial consortia and wastewater substrates, 

thereby supporting renewable fuel generation and waste 

valorization simultaneously (Ekadewi et al., 2023). 

Furthermore, microbial electrosynthesis technologies are 

attracting increasing attention for their ability to convert 

carbon dioxide into renewable fuels and organic compounds, 

offering new opportunities for carbon-neutral biofuel 

production (Mirea et al., 2025). 

Bioelectrochemical systems also contribute significantly to 

carbon reduction and environmental sustainability through 

integrated wastewater treatment and energy recovery 

processes. Unlike conventional wastewater treatment systems 

that consume large amounts of energy, BES technologies 

enable simultaneous pollutant removal and renewable energy 

production, thereby reducing operational energy demand and 

associated carbon emissions (Gude, 2016). Recent advances 

have further expanded the application of BES in nutrient 

recovery processes, particularly for nitrogen and phosphorus 

recovery using membrane-integrated systems. These 

innovations improve resource efficiency while minimizing 

environmental pollution and supporting sustainable waste 

management strategies (Cerrillo et al., 2023). Such 

multifunctional capabilities position BES as promising 

technologies for decentralized low-carbon wastewater 

treatment and renewable energy production. 
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 Figure 1. Overview of hydrogen technologies for decarbonization showing major hydrogen production pathways, 

sustainable production technologies, storage and distribution systems, and key applications in transportation, power 

generation, industry, and heating sectors that collectively support greenhouse gas reduction and low-carbon energy 

transition. Sources: Adapted from Reda et al. (2024); Vedrtnam et al. (2025), and Zhao et al. (2025) 

 

 

Significant progress has also been achieved in improving BES 

performance through advances in electrode materials, 

nanotechnology, and reactor design. Electrode materials 

strongly influence microbial attachment, conductivity, electron 

transfer efficiency, and overall system stability. Nanomaterials 

such as graphene, carbon nanotubes, conductive polymers, and 

metal-based nanocomposites have demonstrated enhanced 

electrochemical activity and improved microbial-electrode 

interactions in BES applications (Plekhanova et al., 2022). In 

addition, recent developments in reactor configuration, 

membrane integration, and scale-up strategies have 

contributed to improved power density, operational efficiency,  

 

 

and substrate utilization (Corona-Martínez et al., 2025). 

Despite these advances, large-scale commercialization of BES 

technologies remains limited because of challenges including 

low power output, high material costs, membrane fouling, 

operational instability, and difficulties associated with 

industrial-scale implementation (Chakma et al., 2025). 

Addressing these technical and economic limitations through 

interdisciplinary research and technological optimization will 

be essential for enabling the broader adoption of BES 

technologies in future low-carbon energy and waste 

management systems. 
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Figure 2. Bioelectrochemical systems (BES) for low-carbon energy and waste management showing the principles of 

microbial fuel cells and microbial electrolysis cells, wastewater-to-energy conversion pathways, carbon reduction 

mechanisms, advanced electrode materials, and key limitations affecting large-scale deployment. Source:  Adapted 

from Jung et al. (2020), Cerrillo et al. (2023), Chakma et al. (2025), Corona-Martínez et al. (2025), and Mirea et al. (2025). 

 

  

Advanced Biofuels for Sustainable Energy Transition 

 

Advanced biofuels have become increasingly important in the 

global transition toward sustainable and low-carbon energy 

systems because of their potential to reduce greenhouse gas 

emissions and decrease dependence on fossil fuels. Unlike 

conventional first-generation biofuels derived from food 

crops, advanced biofuels utilize non-food biomass, 

lignocellulosic materials, algae, and waste-derived feedstocks, 

thereby minimizing competition with food production and 

improving environmental sustainability. These advanced 

biofuels are generally categorized into second-, third-, and 

fourth-generation biofuels according to feedstock sources and 

technological development pathways. Second-generation  

 

biofuels are primarily produced from lignocellulosic biomass 

such as agricultural residues and forestry wastes, while third-

generation biofuels are mainly derived from algal biomass 

because of its high productivity and carbon capture potential 

(Saravanan et al., 2022). Fourth-generation biofuels further 

integrate genetic engineering and carbon capture technologies 

to enhance fuel productivity and support carbon-negative 

energy systems (Shokravi et al., 2021). The continued 

advancement of these biofuel generations is increasingly 

viewed as essential for achieving long-term decarbonization 

goals and sustainable energy security. 

 

Sustainable feedstock utilization and efficient biomass 

management remain fundamental to the environmental and 

economic viability of advanced biofuel systems. Biomass 

wastes including agricultural residues, industrial by-products, 

food wastes, and municipal solid wastes are increasingly being 

explored as renewable feedstocks because they support waste 

valorization and circular bioeconomy strategies while 

reducing environmental pollution (Francioso, 2024). The 

integration of waste biomass into advanced biorefineries also 

enhances resource efficiency by enabling the simultaneous 

production of fuels, chemicals, and other value-added 

products. In addition, bioelectrochemical systems are 

increasingly contributing to sustainable biomass conversion 

and renewable fuel production through waste-to-energy 

pathways and microbial processing technologies (Jung et al., 

2020). These integrated approaches improve carbon utilization 

and support the development of low-carbon industrial systems. 

Recent advances in thermochemical and biochemical 

conversion technologies have significantly improved the 

efficiency, sustainability, and commercial potential of 

advanced biofuel production. Thermochemical conversion 

methods including pyrolysis, gasification, and hydrothermal 

liquefaction are widely utilized for converting biomass into 

bio-oil, syngas, and renewable fuels with comparatively lower 

carbon emissions than conventional petroleum refining 

processes (Ram et al., 2023). Recent innovations involving 

catalytic upgrading, artificial intelligence-assisted process 

optimization, and advanced reactor designs have further 

improved thermochemical conversion efficiency and product 
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quality (Saleh et al., 2025). Biochemical conversion 

technologies such as fermentation, anaerobic digestion, and 

enzymatic hydrolysis also continue to gain importance 

because of their environmentally sustainable operational 

conditions and ability to process diverse biomass feedstocks 

(Saravanan et al., 2022). Collectively, these technological 

improvements are accelerating the transition toward cleaner 

and more efficient renewable fuel production systems. 

 

Advanced biofuels are increasingly being adopted in 

transportation, aviation, maritime operations, and other hard-

to-abate sectors where direct electrification remains 

technically challenging. Sustainable aviation fuels (SAFs) 

derived from biomass and waste feedstocks have gained 

global attention because they can substantially reduce lifecycle 

greenhouse gas emissions without requiring major 

modifications to existing aircraft infrastructure (Klimczyk et 

al., 2025). Renewable diesel, bioethanol, and biojet fuels are 

also contributing to the decarbonization of transportation 

systems by lowering fossil fuel consumption and improving 

energy diversification. Furthermore, advanced biofuels 

provide important environmental benefits through lifecycle 

carbon reduction, waste minimization, and improved carbon 

recycling pathways. Their compatibility with existing fuel 

distribution and combustion infrastructure also enhances their 

feasibility for large-scale deployment within future low-

carbon energy systems. Despite ongoing challenges related to 

feedstock availability, production costs, and 

commercialization, continued technological innovation and 

supportive policy frameworks are expected to strengthen the 

role of advanced biofuels in achieving sustainable global 

energy transitions. 

 
  

 

Figure 3. Advanced biofuels for sustainable energy transition illustrating generations of advanced biofuels, sustainable 

biomass feedstocks, low-carbon conversion technologies, transportation and aviation applications, environmental benefits, 

and integrated pathways supporting a low-carbon future. Sources:  Adapted from Saravanan et al. (2022), Francioso 

(2024), Klimczyk et al. (2025), Saleh et al. (2025), and Shokravi et al. (2021). 

 

  

Integration with renewable energy systems 

 

The integration of hydrogen technologies, advanced biofuels, 

and bioelectrochemical systems (BES) with renewable energy 

systems is increasingly recognized as a major pathway toward 

sustainable low-carbon energy transitions. Renewable energy 

resources such as solar, wind, hydropower, and biomass 

provide the clean electricity and sustainable feedstocks 

required for low-carbon fuel production and energy storage 

systems. Green hydrogen production through renewable-

powered electrolysis has gained considerable attention 

because of its potential to decarbonize industrial and 

transportation sectors while improving energy flexibility and 

storage capacity within renewable-dominated energy grids 

(Marouani et al., 2023). Similarly, advanced biofuels 

produced from lignocellulosic biomass and waste-derived 

feedstocks contribute to renewable energy diversification and 

reduced dependence on fossil fuels (Saravanan et al., 2022). 

The integration of BES technologies into renewable energy 

systems further strengthens waste-to-energy conversion, 

resource recovery, and decentralized energy production within 

sustainable energy networks (Jung et al., 2020). 

 

Circular bioeconomy principles are increasingly shaping the 

development of carbon-neutral energy systems through 

sustainable biomass utilization, waste valorization, and 

integrated resource recovery strategies. Biomass residues, 

agricultural wastes, municipal solid wastes, and industrial by-

products are now being utilized as renewable feedstocks for 
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biofuel production and thermochemical conversion processes, 

thereby minimizing environmental pollution and promoting 

sustainable waste management (Francioso, 2024). Recent 

advances in biomass valorization technologies involving 

pyrolysis, gasification, hydrothermal processing, and artificial 

intelligence-assisted optimization have improved energy 

efficiency and carbon utilization within integrated bioenergy 

systems (Saleh et al., 2025). In addition, thermochemical 

biomass conversion technologies continue to evolve through 

improved reactor systems and tar reduction strategies that 

enhance process sustainability and fuel quality (Ram et al., 

2023). These integrated bioeconomy approaches support the 

development of carbon-neutral industrial systems while 

improving resource efficiency and renewable energy 

production. 

 

Hydrogen technologies and advanced biofuels are also 

expected to play major roles in achieving global net-zero 

emission targets, particularly within hard-to-abate sectors such 

as aviation, heavy transportation, and industrial 

manufacturing. Sustainable aviation fuels derived from 

renewable biomass and waste feedstocks are increasingly 

viewed as viable alternatives for reducing lifecycle greenhouse  

 

gas emissions in the aviation industry without requiring 

significant modifications to existing infrastructure (Klimczyk 

et al., 2025). Furthermore, fourth-generation biofuels derived 

from genetically modified algal biomass offer promising 

opportunities for carbon-negative fuel production because of 

their enhanced carbon capture potential and improved biomass 

productivity (Shokravi et al., 2021). Recent studies have also 

demonstrated that integrating biomass conversion systems 

with carbon-negative emission technologies can substantially 

enhance long-term climate mitigation potential and support 

sustainable decarbonization pathways (Yu et al., 2025). These 

developments position renewable hydrogen and advanced 

biofuels as strategic components of future net-zero energy 

systems. 

 

Comparative sustainability assessments indicate that 

integrated low-carbon energy systems combining hydrogen, 

advanced biofuels, biomass valorization, and carbon capture 

technologies possess significant carbon mitigation potential 

when compared with conventional fossil fuel systems. 

Lifecycle assessment studies have shown that hydrogen 

production through agricultural residue gasification and biogas 

reforming can substantially reduce greenhouse gas emissions 

while improving renewable energy utilization and waste 

management efficiency (Abawalo et al., 2025). Additionally, 

the integration of carbon capture, utilization, and storage 

(CCUS) technologies within waste-to-energy and bioenergy 

systems further strengthens carbon reduction performance and 

supports the transition toward carbon-neutral industrial 

operations (Acampora et al., 2025). Despite ongoing 

challenges related to economic feasibility, technological 

scalability, and policy implementation, continued innovation 

and integrated energy planning are expected to improve the 

sustainability and environmental performance of future low-

carbon energy systems. 

Figure 4. Integrated pathways toward a low-carbon future showing the interactions among renewable energy systems, 

hydrogen technologies, advanced biofuels, bioelectrochemical systems, circular bioeconomy strategies, and carbon 

capture technologies for achieving net-zero emissions and sustainable energy transition. Sources:  Marouani et al. (2023); 

Francioso (2024); Klimczyk et al. (2025), and Acampora et al. (2025) 
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Table 1.   Summary of key findings 

 

Key Areas Key Findings 

Hydrogen Technologies 

 

Green hydrogen and low-carbon hydrogen pathways show strong potential for 

decarbonizing transportation, industry, and power sectors through renewable-powered 

production and carbon reduction strategies 

Bioelectrochemical Systems 

 

BES technologies enable sustainable wastewater treatment, energy recovery, and resource 

valorization through microbial fuel cells and microbial electrolysis systems. 

Advanced Biofuels 

 

Advanced biofuels derived from biomass, algae, and waste feedstocks provide sustainable 

alternatives for transportation and aviation decarbonization with reduced lifecycle emissions 

Integrated Low-Carbon 

Systems 

Integration of renewable energy, hydrogen, biofuels, BES, and carbon capture technologies 

supports circular bioeconomy development and net-zero energy pathways 

Challenges and Future 

Prospects 

 

Economic barriers, infrastructure limitations, and commercialization challenges remain 

significant, although technological innovation and policy support continue to improve future 

deployment potential 

 

 

Challenges, Policy, and Future Prospects 

 

Despite significant advancements in hydrogen technologies, 

bioelectrochemical systems (BES), and advanced biofuels, 

several economic and infrastructural barriers continue to limit 

their large-scale deployment within global low-carbon energy 

systems. Green hydrogen production, although 

environmentally sustainable, remains associated with high 

production, storage, and transportation costs, largely due to 

expensive electrolyzer technologies and renewable electricity 

requirements (Younus et al., 2025). In addition, insufficient 

hydrogen distribution infrastructure and limited renewable 

energy integration capacity continue to hinder 

commercialization efforts in many countries. Advanced 

biofuel systems also face challenges related to feedstock 

availability, biomass logistics, and process scalability, 

particularly in regions with inadequate technological 

infrastructure (Abawalo et al., 2025). Similarly, BES 

technologies remain constrained by relatively low power 

density, operational instability, and high material costs, which 

collectively affect industrial-scale implementation and long-

term economic feasibility (Ieropoulos et al., 2024). 

Strong policy frameworks and regulatory support are 

increasingly recognized as essential for accelerating the 

transition toward sustainable low-carbon energy systems. 

Governments and international organizations are 

implementing renewable energy targets, hydrogen roadmaps, 

carbon reduction policies, and climate mitigation strategies to 

support clean energy deployment and industrial 

decarbonization. The growing integration of renewable-

energy-based green hydrogen into future energy systems 

demonstrates the importance of coordinated policy support, 

infrastructure investment, and international collaboration for 

achieving large-scale energy transformation (Marouani et al., 

2023). The International Energy Agency (IEA, 2025) further 

emphasizes that long-term policy consistency, financial  

 

 

 

 

 

 

incentives, and global market development are necessary to 

improve investor confidence and accelerate low-carbon 

technology adoption. In addition, emerging renewable energy 

innovations and sustainable energy policies are expected to 

strengthen energy security, improve carbon mitigation 

strategies, and support future climate resilience (Accone and 

Lui, 2023). 

Technological innovation and commercialization remain 

critical for improving the efficiency, affordability, and 

scalability of emerging low-carbon technologies. Recent 

advances involving artificial intelligence, smart grids, digital 

energy management systems, and integrated renewable energy 

optimization have demonstrated considerable potential for 

enhancing energy efficiency and system reliability within low-

carbon infrastructures (Olagundoye et al., 2026). Furthermore, 

innovations in biomass integration, waste valorization, and 

carbon-negative technologies are strengthening the 

environmental sustainability of advanced biofuel and 

renewable energy systems (Yu et al., 2025). Carbon capture, 

utilization, and storage (CCUS) technologies are also 

increasingly being integrated into waste-to-energy and 

industrial systems to reduce greenhouse gas emissions and 

improve carbon management efficiency (Acampora et al., 

2025). In the agricultural sector, BES technologies are 

additionally contributing to sustainable resource recovery and 

renewable energy generation through environmentally friendly 

waste conversion pathways (Li et al., 2015). These 

technological improvements are expected to accelerate 

commercialization and improve the long-term sustainability of 

future low-carbon energy systems. 

The future outlook for global low-carbon energy systems 

remains highly promising as countries intensify efforts to 

achieve net-zero emissions and sustainable industrial 

transformation. Integrated systems combining renewable 

electricity, green hydrogen, advanced biofuels, BES 

technologies, artificial intelligence, and carbon capture 

strategies are increasingly viewed as essential pathways for 

deep decarbonization across transportation, industry, 

agriculture, and power generation sectors. Continued 

investments in renewable energy infrastructure, international 

technology transfer, and interdisciplinary research are 

expected to strengthen the global transition toward sustainable 
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energy systems. Although challenges related to economics, 

scalability, and infrastructure development remain significant, 

ongoing innovation and coordinated climate action are likely 

to position low-carbon technologies at the center of future 

global energy transitions. 

 

Conclusion 

 

Hydrogen technologies, bioelectrochemical systems, and 

advanced biofuels are emerging as key components of future 

low-carbon energy systems because of their ability to reduce 

greenhouse gas emissions, support renewable energy 

integration, and improve resource sustainability. These 

technologies contribute significantly to clean energy 

production, waste valorization, carbon reduction, and 

sustainable industrial development. Green hydrogen, advanced 

biofuels, and bioelectrochemical systems have shown strong 

potential in transportation, power generation, wastewater 

treatment, and hard-to-abate industrial sectors. Their 

integration with renewable energy systems, circular 

bioeconomy strategies, and carbon capture technologies 

further enhances their environmental and economic benefits. 

However, challenges related to infrastructure, production 

costs, scalability, and policy implementation continue to affect 

large-scale commercialization. Continued technological 

innovation, supportive regulations, strategic investments, and 

international collaboration will therefore be essential for 

accelerating the global transition toward carbon-neutral and 

sustainable energy systems. Overall, the combined 

advancement of these low-carbon technologies offers 

promising pathways for achieving global climate goals, 

strengthening energy security, and promoting a cleaner and 

more sustainable future. 
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