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Received: Abstract: The mitigation of anthropogenic carbon dioxide emissions has become a critical priority for
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Feb 07, 2026 thereby closing the carbon loop. This paper presents a comprehensive analysis of advanced CCU
Published online: technologies with a focus on their integration into sustainable industrial chemical production systems.
Feb 08, 2026 Thermochemical, electrochemical, photochemical, and biological conversion pathways are examined in
terms of reaction mechanisms, catalyst design, energy efficiency, scalability, and techno-economic
feasibility. Particular emphasis is placed on emerging catalytic systems, renewable energy coupling, and
process intensification strategies that enhance conversion efficiency while reducing environmental impact.
Life-cycle assessment perspectives are incorporated to evaluate the sustainability performance of CCU-
enabled chemical processes. Key challenges, including high energy demand, catalyst degradation, and
infrastructure compatibility, are critically discussed. The study demonstrates that advanced CCU
technologies, when strategically integrated with renewable energy sources and industrial symbiosis
frameworks, can significantly reduce carbon footprints while enabling circular chemical manufacturing. The
findings provide valuable insights for researchers and industry stakeholders seeking scalable and
economically viable pathways for carbon-neutral chemical production.
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1. Introduction

Industrial chemical production accounts for a substantial share of global greenhouse gas emissions, largely due
to its dependence on fossil-based feedstocks and energy-intensive processes. Carbon dioxide (CO, ),
traditionally viewed as an unavoidable waste product, has emerged as a potential carbon resource for next-
generation chemical manufacturing [1]. The concept of carbon conversion and utilization (CCU) aligns with
circular economy principles by transforming captured CO, into fuels, chemicals, and materials with economic
value. Unlike carbon capture and storage (CCS), which focuses primarily on long-term sequestration, CCU
emphasizes productive reuse, thereby offsetting the consumption of virgin fossil carbon [2]. Recent advances in
catalysis, electrochemistry, and renewable energy integration have significantly expanded the technological
landscape of CCU. However, the large-scale deployment of CCU remains constrained by efficiency limitations,
cost barriers, and process integration challenges. This paper investigates advanced CCU technologies from an
applied sciences perspective, focusing on their role in enabling sustainable industrial chemical production. The
study aims to evaluate technological maturity, identify performance bottlenecks, and assess future pathways for
industrial adoption.

2. Carbon Conversion Pathways: An Overview

Thermochemical Conversion
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Thermochemical pathways involve high-temperature reactions such as dry reforming, reverse water—gas shift,
and hydrogenation of CO, to produce syngas, methanol, and hydrocarbons [3]. These processes benefit from
established industrial infrastructure but are often energy-intensive and reliant on fossil-derived heat sources.

Electrochemical Conversion

Electrochemical CO, reduction enables direct conversion of CO, into value-added products such as carbon
monoxide, formic acid, ethylene, and alcohols using electrical energy [4]. When powered by renewable
electricity, electrochemical CCU offers a low-carbon alternative with modular scalability.

Photochemical and Photoelectrochemical Routes

Photochemical and photoelectrochemical systems utilize solar energy to drive CO, reduction reactions.
Although still at a lower technology readiness level, these approaches hold long-term potential for direct solar-
to-chemical energy conversion [5].

Biological and Hybrid Systems

Microbial and enzymatic pathways enable CO, conversion under mild conditions, producing biofuels and
biochemicals. Hybrid systems combining biological processes with electrochemical hydrogen production have
shown improved efficiency and flexibility [6].

3. Catalysts and Materials for CO, Conversion

Heterogeneous Catalysts

Metal-based catalysts, including copper, nickel, and iron, play a central role in thermochemical and
electrochemical CO, conversion. Catalyst morphology, surface structure, and promoter elements strongly
influence selectivity and stability [7].

Nanostructured and Single-Atom Catalysts

Recent advances in nanostructured catalysts and single-atom catalysts have improved reaction kinetics and
reduced material usage. These systems offer enhanced active site utilization and tunable electronic properties [8].

Catalyst Degradation and Stability

Catalyst deactivation due to sintering, coking, and poisoning remains a major challenge. Understanding
degradation mechanisms is essential for improving catalyst lifetime and process economics [9].

4. Integration with Renewable Energy Systems

The sustainability of CCU technologies depends heavily on their energy sources. Coupling CCU processes with
renewable electricity and green hydrogen production is critical for achieving net carbon reduction [10]. Power-
to-X concepts, where renewable power is converted into chemical energy carriers, have gained significant
attention in this context. Dynamic operation strategies allow CCU systems to respond to fluctuating renewable
energy supply, enhancing grid stability while producing valuable chemicals [11].

5. Process Intensification and Industrial Integration

Modular Reactor Design

Compact and modular reactor systems enable decentralized CCU deployment near emission sources, reducing
CO, transport requirements and infrastructure costs [12].

Industrial Symbiosis

CCU technologies can be integrated into existing industrial clusters, utilizing waste heat, hydrogen, and CO,
streams from adjacent facilities. Such symbiotic configurations improve overall resource efficiency [13].

6. Sustainability and Life-Cycle Assessment

Life-cycle assessment (LCA) provides a systematic framework for evaluating the environmental performance of
CCU pathways. Studies indicate that CCU processes can achieve significant emission reductions when powered
by low-carbon energy sources, although benefits vary widely depending on system boundaries and assumptions
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[14]. Economic considerations, including capital expenditure and product market value, play a decisive role in
determining commercial viability.
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Fig. 1 Life Cycle Assessment

7. Challenges and Research Gaps

Despite technological progress, several barriers hinder large-scale CCU adoption. These include high energy
requirements, limited catalyst durability, low product selectivity in some pathways, and regulatory uncertainties
[15]. Addressing these challenges requires coordinated advances in materials science, process engineering, and
policy frameworks.

8. Future Perspectives

Future research should prioritize the development of highly selective catalysts, integration with renewable
hydrogen production, and standardized sustainability metrics. Digitalization and process modeling tools can
further optimize CCU system design and operation [16].

9. Conclusion

Advanced carbon conversion and utilization technologies represent a viable pathway toward sustainable
industrial chemical production. By transforming CO, into valuable products, CCU supports circular economy
principles and industrial decarbonization goals. While significant challenges remain, continued innovation and
strategic integration with renewable energy systems can enable scalable and economically viable CCU
deployment.
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