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ABSTRACT: Green chemistry has evolved from a pollution-prevention concept into a practical framework 
for sustainable chemical manufacturing. To address climate change, resource depletion, and environmental 
pollution, chemical processes must be redesigned beyond end-of-pipe treatment toward low-carbon, safer, 
and circular manufacturing systems. This mini-review develops a systems framework for low-carbon and 
circular technologies in chemical manufacturing by organizing green chemical technologies into four 
interrelated pathways: feedstock transition, catalysis and reaction engineering, process intensification and 
electrification, and circular product design. Quantitative metrics such as atom economy, E-factor, process 
mass intensity, carbon footprint, and life-cycle assessment are emphasized as essential tools for evaluating 
real sustainability benefits and avoiding burden shifting. The review further highlights the enabling roles 
of biocatalysis, artificial intelligence, predictive modeling, digital twins, automation, and systems 
engineering as cross-cutting tools for translating technological advances into industrial-scale sustainable 
manufacturing. Future green chemical technology should move from isolated greener reactions toward 
integrated molecular, process, and system design for low-carbon and circular chemical manufacturing. 

Keywords: Green chemistry; Green chemical technology; Sustainable chemical manufacturing; Life-cycle 
assessment; Safe-and-sustainable-by-design 
 

1. Introduction 

Chemical manufacturing is essential for modern society because it provides fuels, polymers, 
pharmaceuticals, agrochemicals, electronic materials, solvents, coatings, and numerous functional products. 
However, the conventional linear model of chemical production, in which fossil-derived resources are 
converted into products and ultimately into waste, has become increasingly incompatible with long-term 
sustainability. Traditional chemical processes often rely on non-renewable feedstocks, hazardous reagents, 
energy-intensive separations, stoichiometric additives, and limited consideration of product end-of-life. As 
a result, environmental burdens are frequently transferred from reaction to purification, from production to 
use, or from use to disposal. 
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Green chemistry provides a preventive design philosophy for addressing these limitations. Rather than 
treating pollution after it is generated, green chemistry aims to reduce or eliminate hazardous substances 
and environmental impacts at the molecular and process design stages [1,2]. The twelve principles of green 
chemistry, including waste prevention, atom economy, less hazardous synthesis, safer solvents and 
auxiliaries, energy efficiency, renewable feedstocks, catalysis, and design for degradation, remain the 
conceptual foundation for sustainable chemical innovation [2,3]. More recently, green chemistry has 
expanded from molecular-level pollution prevention toward broader system-level design, integrating 
circular economy principles, life-cycle thinking, and safer chemical design [3,4]. 

Nevertheless, the practical implementation of green chemistry requires more than simply replacing a 
toxic solvent or improving a single reaction yield. A reaction conducted in water may still be unsustainable 
if isolating the product requires a large energy input. A bio-based product may not reduce overall 
environmental impact if land use, purification, or supply-chain emissions are high. Similarly, carbon 
dioxide utilization may not be carbon-neutral if it relies on fossil-derived hydrogen or electricity. Therefore, 
modern green chemistry must be translated into green chemical technology, where molecular design, 
catalytic transformation, reaction engineering, separation, life-cycle assessment, and circular product 
design are considered together. From this perspective, green chemical technology is not simply a collection 
of environmentally benign reactions, but a technical framework for redesigning chemical manufacturing 
across multiple scales. At the molecular scale, safer and recyclable molecules must be designed; at the 
reaction scale, catalysts, solvents, and reaction conditions determine selectivity and waste generation; at 
the process scale, reactors, separations, and energy supply define efficiency and safety; and at the system 
scale, feedstocks, products, and end-of-life routes determine long-term sustainability. 

Several reviews have addressed important components of green and sustainable chemistry, including 
green chemistry principles and metrics [2–9], CO2 conversion and carbon utilization [10–14], biomass 
valorization [15–22], biocatalysis [23–27], flow chemistry and process intensification [28–36], polymer 
recycling and circular chemistry [37–45], safe-and-sustainable-by-design [46–49], and artificial 
intelligence-assisted chemical discovery [50–57]. Recent perspectives have also highlighted the importance 
of green chemistry in supporting circular economy strategies, sustainable development goals, and future 
chemical innovation [58–60]. However, existing reviews mainly focus on individual technological domains, 
specific sustainability strategies, or conceptual frameworks. They have provided valuable insights into 
particular aspects of green chemistry, but the connection between molecular-level innovation, catalytic 
transformation, process engineering, industrial implementation, and product circularity remains 
insufficiently integrated. 

In this mini-review, we propose a manufacturing-oriented systems framework that connects four 
interconnected technological pathways: (i) feedstock transition, (ii) catalysis and reaction engineering, (iii) 
process intensification and electrification, and (iv) circular product design. Unlike previous reviews that 
primarily discuss individual technologies or sustainability concepts, this work integrates these pathways 
with cross-cutting enabling tools, including AI/ML, predictive modeling, Digital Twins, systems 
engineering, and life-cycle assessment. Therefore, the novelty of this review lies not in introducing 
individual green technologies but in establishing an integrated framework that links technological 
development, quantitative sustainability evaluation, and industrial implementation challenges toward low-
carbon and circular chemical manufacturing. 

Review Scope and Literature-Search Methodology 

This mini-review was developed based on a targeted literature search to identify recent advances and 
representative studies related to green chemical technology and sustainable chemical manufacturing. 
Literature searches were conducted using major scholarly databases, including Web of Science, Scopus, 
and Google Scholar. The search covered publications primarily from the last two decades, while earlier 
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highly cited studies were included when they provided fundamental concepts or established methodologies. 
Representative search keywords included “green chemistry”, “sustainable chemical manufacturing”, “low-
carbon chemical technology”, “life-cycle assessment”, “CO2 utilization”, “green hydrogen”, “catalysis”, 
“reaction engineering”, “process intensification”, “electrification”, “chemical recycling”, “circular 
chemistry”, “machine learning”, “artificial intelligence”, “Digital Twins”, and “systems engineering”. 
Articles were selected based on their relevance to the major technological pathways discussed in this review, 
including feedstock transition, catalysis and reaction engineering, process intensification and electrification, 
and circular product design. Studies focusing on isolated technical improvements without clear relevance 
to sustainable manufacturing systems were not emphasized. As a narrative mini-review, this work aims to 
provide a systems-level perspective rather than a quantitative meta-analysis. 

An integrated framework linking green chemistry innovations with sustainable chemical 
manufacturing is proposed in this review. The framework connects four technological pathways with cross-
cutting enabling tools and sustainability assessment approaches (Figure 1). 

 

Figure 1. Integrated framework connecting green chemistry innovations with sustainable chemical manufacturing. 

2. Systems Evaluation Framework for Low-Carbon and Circular Chemical Technologies 

Traditional chemical evaluation often emphasizes conversion, yield, purity, and cost, whereas a 
systems framework for green chemical technology requires broader criteria, including material efficiency, 
energy efficiency, hazard reduction, carbon footprint, circularity, and life-cycle impacts. Without 
quantitative and system-level assessment, a process may appear green in one step while shifting 
environmental burdens to another stage. Therefore, the evaluation of green chemical technology should 
combine reaction-level metrics, process-level metrics, and system-level indicators. 

Atom economy is one of the earliest and most fundamental green chemistry metrics. It evaluates the 
fraction of reactant atoms incorporated into the desired product. Reactions with high atom economy 
generally generate fewer stoichiometric by-products and are more attractive for sustainable synthesis. 
However, atom economy alone is insufficient because it does not account for solvents, catalysts, energy 
input, purification, or product isolation. 

The E-factor, defined as the mass of waste generated per mass of product, provides a more process-
oriented measure of waste generation [5]. It has played an important role in identifying the large waste 
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burden of fine chemical and pharmaceutical manufacturing. Process mass intensity (PMI) further extends 
this logic by calculating the total mass of materials used to produce a unit mass of product [6,7]. PMI is 
especially useful in process development because it includes reactants, reagents, solvents, catalysts, and 
work-up materials. Holistic metric systems have also been proposed to integrate yield, solvent use, safety, 
energy demand, and environmental burden into a more comprehensive sustainability assessment [8,9]. 

Based on these evaluation criteria, the representative pathways discussed in this review can be 
compared in terms of their main sustainability contributions, evaluation metrics, and implementation 
challenges. As summarized in Table 1, these pathways should not be evaluated as independent or 
universally green solutions. Their sustainability performance depends on where the main burden is shifted 
or reduced within the manufacturing system. Feedstock transition mainly changes the origin of carbon, but 
it may introduce variability, pretreatment, and separation challenges. Catalysis and biocatalysis can 
improve selectivity and reduce waste, but their practical value depends on stability, recovery, productivity, 
and tolerance to realistic feedstocks. Process intensification and electrification can improve safety, energy 
efficiency, and scalability, but their benefits depend strongly on solvent use, downstream purification, 
equipment integration, and electricity carbon intensity. Circular product design extends the assessment 
boundary to product use and end-of-life, but it requires suitable recovery infrastructure, recycling routes, 
and safety evaluation. Therefore, Table 1 should be read as a systems map: the practical sustainability of 
each pathway depends on how it is integrated with metrics, scale-up, separation, energy supply, safety 
assessment, and life-cycle thinking [4–9,11,28–36,42,46–67]. 

Table 1. Representative technical pathways, sustainability contributions and evaluation metrics in green chemical technology. 

Technical Pathway Main Green Contribution Representative Metrics 
Biomass-derived 
feedstocks 

Reduce dependence on fossil carbon; 
enable renewable carbon cycles 

Carbon efficiency, yield, LCA, energy demand 

CO2 utilization 
Convert CO2 into chemicals and fuels; 
support carbon management 

CO2 conversion, selectivity, energy intensity, carbon 
footprint 

Waste-derived feedstocks 
Convert waste into secondary resources; 
support circular economy 

Recycling rate, product yield, contamination tolerance, 
LCA 

Heterogeneous catalysis Improve selectivity and catalyst recovery Conversion, selectivity, TON, TOF, catalyst lifetime 
Biocatalysis Enable mild and selective transformations Enantioselectivity, productivity, enzyme stability, PMI 
Continuous-flow 
chemistry 

Improve heat and mass transfer, safety, 
and automation 

Space-time yield, PMI, residence time, energy use 

Electrified processes 
Couple manufacturing with low-carbon 
electricity 

Faradaic efficiency, current density, energy intensity, 
carbon footprint 

Circular product design 
Enable recycling, reuse, repair, or 
degradation 

Recycling efficiency, depolymerization yield, degradation 
rate, LCA 

Solvent selection is another key issue in green chemical technology because solvents often dominate 
the material footprint of chemical processes. Solvent guides developed for pharmaceutical and chemical 
process development provide practical tools to replace hazardous solvents with safer, more sustainable 
alternatives [68–70]. However, solvent greenness depends not only on toxicity or origin but also on function, 
recyclability, volatility, flammability, stability, and downstream separation. Bio-based solvents may offer 
opportunities to reduce dependence on fossil resources, but they must also be evaluated for safety, 
availability, performance, and life-cycle impacts [71,72]. 

Life-cycle assessment (LCA) provides a more holistic framework because it evaluates environmental 
impacts across raw material extraction, production, transportation, use, and end-of-life [4,9]. A complete 
LCA generally comprises four interconnected phases: goal and scope definition, life-cycle inventory 
analysis, life-cycle impact assessment, and interpretation. The goal and scope phase defines the functional 
unit, system boundaries, allocation methods, and major assumptions; the inventory phase quantifies 
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material and energy inputs, emissions, coproducts, and waste streams; the impact-assessment phase 
translates inventory data into environmental impact categories; and the interpretation phase evaluates the 
robustness, limitations, and implications of the results. LCA is particularly important when comparing 
fossil-based, bio-based, CO2-derived, and recycled-carbon routes. However, reliable conclusions require 
high-quality inventory data, appropriate system boundaries, transparent assumptions, and sensitivity or 
uncertainty analysis. For early-stage research, simplified or prospective LCA may support preliminary 
decision-making, but more detailed assessments based on measured process data are required during scale-
up and industrial implementation. Therefore, green chemical technology should be evaluated by combining 
reaction-level metrics, process-level metrics, and system-level life-cycle assessment to avoid shifting 
environmental burdens between stages or impact categories. 

2.1. Feedstock Transition in Green Chemical Technology 

Feedstock selection determines the origin of carbon, the degree of resource dependence, and the 
environmental profile of chemical production. Conventional chemical manufacturing is dominated by 
fossil-derived hydrocarbons, which provide low-cost and highly versatile carbon sources but also embed 
carbon emissions and resource depletion into the production chain. Feedstock transition is therefore a 
central pathway for sustainable chemical manufacturing. 

2.1.1. Biomass-Derived Feedstocks 

Biomass is an important renewable carbon source for chemicals, fuels, and materials. Lignocellulose, 
sugars, vegetable oils, terpenes, lignin, and fermentation-derived intermediates can be converted into 
platform molecules such as ethanol, lactic acid, succinic acid, levulinic acid, furfural, 5-hydroxymethylfurfural, 
and bio-based diols [15–19]. These molecules provide opportunities to produce polymers, solvents, 
plasticizers, surfactants, and fine chemicals with reduced dependence on petroleum resources. 

However, biomass conversion is not a simple replacement of fossil feedstocks. Biomass-derived 
molecules usually contain high oxygen content, multiple functional groups, and variable composition. 
These features create both opportunities and challenges. High functionality can enable shorter synthetic 
routes to oxygenated chemicals, but it can also lead to complex reaction networks, side reactions, catalyst 
deactivation, and difficult separations. In addition, biomass supply is influenced by season, geography, 
moisture content, and competing uses in food, feed, and energy sectors. 

Catalytic upgrading is therefore essential for biomass utilization. Hydrogenation, dehydration, oxidation, 
hydrodeoxygenation, reforming, and C–C coupling reactions have been widely investigated for converting 
biomass-derived platform molecules into fuels and chemicals [20–22]. Functionalized heterogeneous 
catalysts are particularly important because they can combine acid, base, metal, and redox sites to control 
complex reaction networks [21]. Homogeneous catalysis also provides high selectivity for certain biomass-
derived transformations, but catalyst recovery and solvent use remain important challenges [22]. 

A sustainable biomass process should be evaluated not only by product yield but also by carbon 
efficiency, energy consumption, solvent use, water demand, land-use implications, and integration with 
waste valorization. The technical goal is not merely to replace petroleum carbon with renewable carbon, 
but to design conversion routes that fully exploit the chemical structure of biomass while minimizing energy 
and separation burdens. 

2.1.2. Carbon Dioxide as a C1 Feedstock 

Carbon dioxide utilization is attractive because CO2 is abundant, non-flammable, and directly linked 
to carbon management. CO2 can be converted into carbonates, carbamates, urea derivatives, formic acid, 
methanol, methane, olefins, and other chemicals through catalytic, electrochemical, photochemical, or 



Green Chem. Technol. 2026, 3(4), 10028. doi:10.70322/gct.2026.10028 6 of 18 

 

biological pathways [10–14]. The use of CO2 as a C1 building block is particularly relevant for low-carbon 
chemical systems when coupled with renewable electricity and green hydrogen. Green hydrogen produced 
using renewable electricity is particularly important for reducing the life-cycle emissions of hydrogen-
dependent processes, including CO2 hydrogenation, ammonia synthesis, and biomass upgrading. 

Nevertheless, CO2 is thermodynamically stable and kinetically inert. Its conversion requires energy 
input and suitable activation strategies. For example, CO2 hydrogenation depends strongly on the source of 
hydrogen. If hydrogen is produced from fossil fuels without carbon capture, the environmental benefit can 
be limited or even negative. Similarly, electrochemical CO2 reduction requires careful evaluation of 
faradaic efficiency, current density, product selectivity, cell voltage, electrolyte consumption, and 
electricity carbon intensity [13]. 

The sustainability of CO2 utilization should therefore be assessed using system-level criteria. Important 
questions include whether the product stores carbon for a meaningful period, whether the process uses low-
carbon energy, whether the reaction avoids excessive separation burdens, and whether the overall life-cycle 
emissions are lower than those of conventional routes [11,12]. In this sense, CO2 utilization is not 
automatically green; it becomes green only when integrated into a low-carbon energy and material system. 

2.1.3. Waste-Derived Feedstocks 

Waste-derived feedstocks connect green chemistry with circular economy principles. Plastic waste, 
lignin residues, used solvents, agricultural residues, industrial off-gases, and other by-products can be 
regarded as secondary resources rather than terminal waste. Their valorization can reduce primary resource 
demand and decrease environmental pressure from disposal. 

Plastic waste is a particularly important example. The global production, use, and disposal of plastics 
have created serious environmental challenges [73]. Mechanical recycling is useful but often limited by 
polymer degradation, contamination, additive complexity, and property loss after repeated cycles. Chemical 
recycling and upcycling can convert waste polymers into monomers, fuels, aromatics, carbon materials, or 
higher-value chemicals [37–40]. Technologies include solvolysis, glycolysis, methanolysis, hydrocracking, 
hydrogenolysis, pyrolysis, oxidation, and catalytic depolymerization. However, these routes must be 
evaluated carefully because high energy input, low selectivity, and difficult purification can offset the 
benefits of waste utilization. 

Waste-derived feedstocks are generally heterogeneous. Their composition may vary by source, 
collection method, and pretreatment. This variability creates challenges for catalyst stability, reactor 
operation, product consistency, and quality control. Robust catalysts, flexible reactor systems, adaptive 
process control, and efficient separation technologies are therefore necessary for converting waste into 
reliable chemical products. In this context, circular chemistry provides a broader conceptual framework by 
treating waste streams as potential feedstocks within closed-loop or spiral material systems [41–44]. 

2.2. Catalysis and Reaction Engineering 

High selectivity reduces by-product formation, downstream separation requirements, solvent 
consumption, and overall process waste; therefore, it is a central link between catalytic performance and 
system-level sustainability. Catalysis is one of the most important enabling technologies in green chemical 
systems because it directly affects selectivity, atom economy, energy consumption, and waste generation. 
A well-designed catalyst can reduce reaction steps, eliminate protecting groups, avoid stoichiometric 
reagents, and enable milder operating conditions. However, in green chemical technology, catalyst 
performance should not be evaluated only by conversion and yield. Stability, recyclability, metal abundance, 
toxicity, solvent compatibility, separation requirements, and scale-up behavior must also be considered. 
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2.2.1. Heterogeneous and Homogeneous Catalysis 

Heterogeneous catalysts offer clear advantages for green chemical manufacturing because they are 
easier to separate, recover, and reuse. They are widely used in hydrogenation, oxidation, dehydration, 
reforming, biomass upgrading, CO2 conversion, and polymer recycling [10,19–21]. Solid catalysts can also 
be integrated into fixed-bed, trickle-bed, monolith, and continuous-flow reactors, making them attractive 
for industrial implementation. 

The main technical challenges are catalyst deactivation, mass-transfer limitations, active-site leaching, 
coking, poisoning, and structural instability. These challenges are especially serious when using biomass-
derived or waste-derived feedstocks, which often contain impurities, water, salts, sulfur, nitrogen, or mixed 
polymer additives. Green catalyst design should therefore consider not only initial activity but also long-
term durability under realistic feed conditions. 

Homogeneous catalysts often provide excellent activity and selectivity because their active sites are 
well-defined and accessible. They are powerful tools for asymmetric synthesis, C–C bond formation, 
carbonylation, hydroformylation, metathesis, and fine chemical synthesis [22]. In green chemistry, 
homogeneous catalysis can reduce reaction steps and improve selectivity, thereby decreasing waste and 
purification demands. However, homogeneous systems frequently face difficulties in catalyst recovery, 
metal contamination, ligand synthesis, and solvent use. Strategies such as biphasic catalysis, supported 
homogeneous catalysts, membrane separation, and catalyst immobilization have been developed to address 
these issues. The sustainability of these strategies should be evaluated by full process metrics rather than 
catalyst recovery alone. 

2.2.2. Biocatalysis 

Biocatalysis is highly relevant to green chemical technology because enzymes and whole-cell catalysts 
can operate under mild temperature, pressure, and pH conditions, often in aqueous media and with excellent 
chemo-, regio-, and stereoselectivity [23–26]. These features make biocatalysis attractive for 
pharmaceuticals, fine chemicals, chiral intermediates, food ingredients, and biomass conversion. The 
development of protein engineering, immobilization, directed evolution, and synthetic biology has greatly 
expanded the practical scope of biocatalysis [25]. Enzymes can now be tailored to accept non-natural 
substrates, tolerate organic solvents, and operate under industrial conditions. Biocatalytic cascades can also 
combine multiple transformations in one pot, reducing isolation steps and improving overall mass 
efficiency. From the perspective of circular chemistry, biocatalysis can contribute not only to greener 
synthesis but also to waste valorization and selective degradation [26,27]. Despite these advantages, 
challenges remain. Enzymes may suffer from limited substrate scope, inhibition, instability, low volumetric 
productivity, or mass-transfer limitations. Whole-cell systems may introduce downstream separation 
challenges and require careful control of metabolism. Therefore, successful industrial biocatalysis requires 
integration between enzyme design, reaction engineering, immobilization, separation, and process control. 

2.2.3. Electrochemical and Photochemical Catalysis 

Electrochemical and photochemical methods provide opportunities to replace thermal or stoichiometric 
activation with electrons or photons. Visible-light photoredox catalysis has enabled new synthetic pathways 
under mild conditions, while organic electrosynthesis can use electricity as a redox reagent, reducing the 
need for chemical oxidants or reductants [74,75]. Proton-coupled electron transfer chemistry further expands 
the reaction design space by linking electron and proton movement in selective transformations [76]. 

When powered by renewable electricity, electrochemical synthesis can reduce dependence on fossil-
derived thermal energy and chemical oxidants or reductants, thereby potentially lowering the life-cycle 
carbon footprint of chemical production. However, its environmental benefit depends not only on faradaic 
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efficiency and product selectivity, but also on the carbon intensity of the electricity supply, cell voltage, 
current density, electrode stability, electrolyte consumption, and downstream separation requirements. For 
photochemical systems, photon penetration, light-source efficiency, reactor geometry, catalyst stability, 
and quantum efficiency are also critical. Therefore, electrochemical and photochemical processes should 
be developed together with reactor design, process intensification, renewable-energy integration, and life-
cycle assessment. 

2.3. Process Intensification and Electrified Manufacturing 

Process intensification aims to produce more efficiently by reducing equipment size, energy 
consumption, solvent use, residence time, and safety risks. In green chemical technology, it provides a 
practical bridge between laboratory chemistry and industrial manufacturing. The development of 
intensified processes requires the integration of reaction kinetics, heat and mass transfer, separation, process 
control, and safety engineering [28,29]. 

2.3.1. Continuous-Flow Chemistry 

Continuous-flow chemistry is one of the most representative process-intensification strategies. 
Compared with batch reactors, flow reactors offer improved heat and mass transfer, precise control of 
residence time, safer handling of reactive intermediates, easier automation, and potential scalability through 
numbering-up [30–33]. These advantages are particularly valuable for fast reactions, exothermic reactions, 
photochemical reactions, electrochemical reactions, and hazardous transformations [34,35]. 

However, flow chemistry should not be considered automatically green. Its sustainability depends on 
solvent consumption, energy demand, reactor cleaning, pressure drop, catalyst lifetime, productivity, and 
downstream purification. A flow process that improves safety but requires dilute conditions and large 
solvent volumes may not reduce overall environmental impact. Therefore, flow chemistry must be 
evaluated using green metrics, life-cycle assessment, and techno-economic analysis. 

2.3.2. Microreactors and Modular Systems 

Microreactors provide high surface-area-to-volume ratios, excellent heat transfer, and accurate control 
over mixing and residence time. These features are useful for reactions that are limited by heat or mass 
transfer. Microreactor technology also supports modular and distributed manufacturing, in which small-
scale units can be located close to feedstock sources or product demand [36]. 

Modular manufacturing is attractive for renewable and waste-derived feedstocks because such 
resources may be geographically dispersed. Instead of transporting low-density biomass or waste over long 
distances, modular units can convert local feedstocks into platform chemicals or intermediates. 

Nevertheless, modular systems must overcome challenges related to equipment costs, standardization, 
maintenance, process control, and product quality assurance. 

2.3.3. Reaction-Separation Integration 

Separation often dominates the energy and material footprint of chemical processes. Distillation, 
extraction, crystallization, chromatography, and solvent removal can consume large amounts of energy and 
generate significant waste. Some separations are considered among the most important technological 
challenges for improving global chemical sustainability [61]. Therefore, integrating reaction and separation 
is a powerful strategy for greener manufacturing. 

Examples include reactive distillation, membrane reactors, adsorption-enhanced reactions, in situ 
product removal, and catalytic separation. These systems can shift equilibrium, reduce solvent use, improve 
selectivity, and simplify downstream processing. Membrane-based separation is particularly attractive for 
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sustainable chemical manufacturing because it can replace or reduce the use of energy-intensive thermal 
separations while enabling continuous operation and process intensification. However, its practical 
implementation depends on membrane selectivity, permeability, chemical and thermal stability, fouling 
resistance, solvent compatibility, and long-term durability [62]. 

2.3.4. Electrification of Chemical Processes 

Electrification is increasingly discussed as a route to decarbonize chemical manufacturing. Electrified 
heating, electrochemical synthesis, plasma-assisted reactions, microwave-assisted processes, and 
electrically driven separations can reduce dependence on fossil-fuel combustion when powered by low-
carbon electricity [63–65]. The sustainability benefit of process electrification, however, depends strongly 
on the carbon intensity, availability, intermittency, and regional characteristics of the electricity supply. 
Integration with renewable-electricity generation, energy storage, and flexible process operation may 
therefore be necessary to maintain stable production while reducing life-cycle greenhouse-gas emissions. 
Joule-heated catalytic reactors, for example, offer opportunities to rapidly and directly heat catalytic 
systems, potentially improving energy efficiency and process flexibility [65]. 

Nevertheless, electrification does not automatically guarantee sustainability. In addition to electricity-
supply characteristics, its overall performance depends on reactor efficiency, equipment durability, heat 
integration, energy-storage requirements, process flexibility, and the environmental impacts associated with 
electrified infrastructure. Electrified processes should therefore be evaluated using life-cycle assessment 
and techno-economic analysis. For many chemical processes, partial electrification, hybrid energy systems, 
and flexible operation may be more practical than complete electrification. 

2.4. Circular Product Design 

Green chemistry must address not only how products are synthesized but also how they are used, 
recovered, recycled, or degraded. Product design for circularity requires materials and chemicals to be 
durable during use but recoverable, recyclable, repairable, or safely degradable at end-of-life. This shifts 
green chemistry from reaction optimization to molecular and material system design. In a circular chemical 
manufacturing system, product design should be linked with renewable and recycled feedstocks, green 
manufacturing, product use, collection and sorting, and appropriate end-of-life pathways, including reuse 
and repair, mechanical recycling, chemical recycling, and, where appropriate, safe degradation [4,37–49]. 

As shown in Figure 2, circularity is not achieved by a single recycling technology but by the 
coordinated use of multiple value-retention and end-of-life pathways. Reuse and repair generally retain the 
highest product value by extending service life, while mechanical recycling preserves material value when 
contamination and degradation are limited. Chemical recycling can recover monomers or chemical 
feedstocks for renewed production, whereas safe degradation is more appropriate when recovery or 
recycling is technically impractical. These pathways are complementary and should be selected according 
to product condition, material composition, energy demand, and available recovery infrastructure [37–45]. 



Green Chem. Technol. 2026, 3(4), 10028. doi:10.70322/gct.2026.10028 10 of 18 

 

 

Figure 2. Schematic illustration of circular pathways in sustainable chemical manufacturing. 

2.4.1. Molecular Design for Circularity 

In traditional product development, performance during use is often prioritized, while end-of-life 
management is treated as an external problem. Circular product design changes this logic. Molecular 
structure, bond stability, functional groups, additives, and material architecture should be selected with 
recovery and recycling in mind. Circular chemistry emphasizes the design of chemical systems in which 
waste is minimized and material value is retained across repeated cycles. 

For polymers, this may involve designing backbones that allow selective depolymerization, using 
dynamic covalent bonds, improving compatibility with mechanical recycling, or developing monomers that 
can be recovered with low energy input [44,45]. Chemical recycling to monomer is an ideal pathway for 
certain polymers because it can regenerate monomers that are repolymerized without loss of material 
properties [44]. However, not all polymers are suitable for efficient chemical recycling. Depolymerization 
thermodynamics, catalyst selectivity, product separation, contamination tolerance, and energy demand are 
decisive factors. Therefore, chemically recyclable polymers should be designed from the beginning rather 
than retrofitted after large-scale waste generation. 

2.4.2. Biodegradable and Degradable Materials 

Biodegradable materials are often regarded as green, but their sustainability depends on the conditions 
of degradation and the resulting products. A biodegradable polymer that degrades only under industrial 
composting conditions may persist in marine or soil environments. Similarly, degradation products must 
be non-toxic and should not generate persistent residues. Therefore, biodegradability must be evaluated 
under realistic environmental and waste-management scenarios. 

Design for degradation should be applied where recovery and recycling are impractical, such as 
agricultural films, biomedical materials, or certain disposable products. For durable goods, recyclability 
and repairability may be more important than rapid degradation. Thus, circular product design requires 
matching material properties with actual use patterns and end-of-life infrastructure. 

2.4.3. Safe-and-Sustainable-by-Design 

Circularity should not be pursued in isolation from safety. A material may be recyclable but still toxic, 
persistent, bioaccumulative, or dependent on hazardous additives. Conversely, a material may be safer but 
difficult to recycle or highly energy-intensive to produce. Safe-and-sustainable-by-design frameworks 
therefore aim to integrate hazard, exposure, functionality, circularity, and life-cycle impacts in the early 
stages of innovation [46–49]. 
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This approach is important for avoiding regrettable substitutions. For example, replacing a regulated 
solvent with a less-studied alternative may reduce the immediate hazard classification but introduce 
concerns about persistence or toxicity. Similarly, replacing fossil-based materials with bio-based materials 
may reduce fossil carbon use but increase land, water, or fertilizer impacts. Green chemical technology 
should therefore combine green chemistry, circular chemistry, and safety assessment in a unified design strategy. 

2.5. Digital and Interdisciplinary Integration 

Systems engineering provides an integrative approach for coordinating molecular design, reaction 
engineering, separation, process control, energy supply, and sustainability assessment across multiple 
scales. In sustainable chemical manufacturing, it supports multi-objective decision-making by balancing 
productivity, safety, environmental performance, cost, robustness, and scalability. Sustainable chemical 
manufacturing is a complex systems problem. It requires integration across chemistry, biology, chemical 
engineering, materials science, data science, environmental science, and industrial systems engineering. No 
single discipline can solve the challenges of low-carbon and circular chemical manufacturing alone. 

2.5.1. Artificial Intelligence and Machine Learning 

Artificial intelligence (AI) and machine learning (ML) are emerging as important enabling 
technologies for sustainable chemical manufacturing [50–53,56]. AI/ML approaches have been applied in 
molecular design, catalyst discovery, process optimization, and sustainability assessment. By identifying 
complex and nonlinear relationships in experimental and process datasets, these methods can accelerate 
materials and catalyst discovery, improve process efficiency, and support data-driven decision-making. 

A typical AI/ML workflow for sustainable chemical technology involves several sequential steps. First, 
the prediction objective should be clearly defined according to the target application, such as molecular 
property prediction, catalyst screening, reaction optimization, or process performance evaluation. High-
quality datasets are then collected, curated, and preprocessed to remove inconsistencies and generate 
appropriate molecular or process descriptors. Suitable machine-learning algorithms are selected and trained 
using available datasets. Model performance should be evaluated through independent validation datasets, 
appropriate statistical metrics, and uncertainty analysis. Finally, experimental verification is required to 
confirm model predictions and ensure practical applicability. 

Despite their potential, purely data-driven models have important limitations. Their predictive 
reliability strongly depends on the quantity, quality, and representativeness of the available data, and 
extrapolation beyond the training domain can be unreliable. In addition, limited interpretability may make 
it difficult to determine whether predictions are consistent with underlying physical and chemical principles. 
Similar challenges have been highlighted in predictive modeling of chemical properties and environmental 
behavior, where data quality, applicability domain, and uncertainty evaluation are essential for reliable 
model application [77]. These limitations are particularly relevant in sustainable chemical manufacturing, 
where experimental and industrial datasets are often sparse, heterogeneous, or obtained under restricted 
operating conditions. Therefore, AI/ML models should be used together with appropriate validation, 
uncertainty analysis, and available chemical and engineering knowledge. 

2.5.2. Mechanistic and Hybrid Predictive Models 

Mechanistic models based on first-principles knowledge provide another important foundation for 
predictive modeling in sustainable chemical manufacturing. Unlike purely data-driven approaches, 
mechanistic models describe process behavior using fundamental physical and chemical relationships, 
including mass and energy balances, reaction kinetics, thermodynamics, and transport phenomena [78]. 
Such models are widely used for reactor design, process simulation, optimization, scale-up, and process 
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control [78]. Their major advantages include physical interpretability and the ability to predict system 
behavior beyond the range of available experimental data, provided that the underlying mechanisms and 
model parameters are sufficiently well established. 

However, mechanistic models also have limitations. Their development generally requires detailed 
knowledge of reaction and transport mechanisms, reliable thermodynamic and kinetic parameters, and 
appropriate model assumptions. For complex multiphase or multiscale chemical systems, high-fidelity 
mechanistic models may also become computationally demanding [79]. Model uncertainty can additionally 
arise from simplified assumptions, uncertain parameters, or incomplete descriptions of complex reaction 
and transport phenomena. These limitations are particularly relevant to real-time applications in which rapid 
prediction and model updating are required. 

Hybrid modeling approaches provide a complementary strategy by integrating mechanistic knowledge 
with data-driven methods such as machine learning [80,81]. In such models, first-principles relationships 
can provide physical constraints and improve interpretability, whereas ML components can capture 
unresolved nonlinearities, compensate for model–plant mismatch, and update predictions using 
experimental or operational data [78,81]. Hybrid models can therefore combine the extrapolation capability 
and physical consistency of mechanistic approaches with the flexibility and computational efficiency of 
data-driven models. 

This combination is particularly relevant to digital twins in chemical manufacturing. Digital twins can 
incorporate mechanistic, data-driven, or hybrid predictive models, along with real-time operational data, 
sensors, and feedback mechanisms, to create dynamic representations of manufacturing systems [79]. 
Rather than relying exclusively on ML, the choice of predictive model should depend on process knowledge, 
data availability, computational requirements, and the intended application. Mechanistic and hybrid digital 
twins can support process monitoring, optimization, fault detection, predictive control, and adaptive 
decision-making under changing operating conditions [79]. For sustainable chemical manufacturing, their 
further integration with energy, environmental, and life-cycle indicators may also enable operational 
decisions to consider not only productivity and product quality but also resource efficiency and 
environmental performance. 

2.5.3. Automation and Self-Driving Laboratories 

Automation and self-driving laboratories are emerging as important tools for sustainable chemical 
research. Automated platforms can reduce material consumption, accelerate optimization, improve 
reproducibility, and generate structured datasets for machine learning [54,55,57]. When combined with 
multi-objective optimization, such platforms can optimize yield, selectivity, solvent use, energy input, and 
safety simultaneously. Nevertheless, autonomous experimentation should be aligned with sustainability 
metrics. A platform that accelerates screening but consumes large amounts of solvent or generates poorly 
reusable data may not be sustainable. Future self-driving laboratories for green chemistry should integrate 
reaction performance, environmental metrics, process feasibility, and data quality from the beginning. 

2.5.4. Interdisciplinary Translation from Laboratory to Industry 

Many green chemistry innovations remain at laboratory scale because they are not designed with 
industrial constraints in mind. Industrial implementation requires stable catalysts, available feedstocks, safe 
operation, efficient separation, regulatory acceptance, and economic feasibility. Therefore, interdisciplinary 
collaboration should begin early. Chemists, engineers, toxicologists, data scientists, and life-cycle analysts 
should work together during molecular and process design rather than after a route has already been selected. 
This integration changes the definition of success. Instead of optimizing only yield or selectivity, future 
green chemical technology must optimize multiple objectives: productivity, safety, carbon footprint, 
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circularity, cost, robustness, and scalability. In this sense, green chemical technology is not only a scientific 
field but also an engineering and systems-design discipline. 

3. Key Challenges and Future Perspectives 

Although green chemical technology has made substantial progress, several major challenges remain. 
First, quantitative sustainability assessment is still inconsistent. Different studies use different system 
boundaries, metrics, and assumptions, making comparisons difficult. A process may appear green under 
one metric but less favorable under another. Future research should report multiple indicators, including 
yield, selectivity, solvent use, PMI, E-factor, energy intensity, carbon footprint, and life-cycle assumptions. 
Second, laboratory-scale green reactions do not necessarily translate into industrially green processes. 
Many academic studies demonstrate excellent selectivity on a small scale but rely on dilute conditions, 
expensive catalysts, complex ligands, high-purity feedstocks, or chromatographic purification. These 
factors can limit industrial relevance. More research should focus on catalyst lifetime, productivity, 
separation, process safety, and realistic feedstock conditions. Third, feedstock variability is a critical 
challenge. Renewable and waste-derived feedstocks are often more heterogeneous than fossil feedstocks. 
This variability affects catalyst performance, reactor control, and product quality. Future systems will 
require robust catalysts, adaptive control, flexible separation, and real-time feedstock characterization. 
Fourth, electrification and CO2 utilization depend strongly on the availability of low-carbon energy. 
Without renewable electricity or green hydrogen, these technologies may shift emissions rather than reduce 
them. Future research should integrate chemical process design with energy-system modeling, life-cycle 
assessment, and techno-economic analysis. Fifth, circularity must be realistic. Designing recyclable or 
biodegradable materials is insufficient if recycling infrastructure, collection systems, or degradation 
conditions are lacking. Circular product design should therefore consider the entire value chain, including 
use patterns, waste collection and sorting, recycling technologies, and market demand for recycled products. 
Sixth, AI and digital tools require high-quality data. Many sustainability-related properties, such as toxicity, 
persistence, degradability, and life-cycle impacts, are underreported. Open databases, standardized 
reporting, and integration of experimental and computational data will be necessary for reliable AI-assisted 
green chemistry. 

Future green chemical technology should move from isolated reaction improvement toward integrated 
molecular, process, and system design. Key research directions include: developing catalysts for variable 
renewable and waste feedstocks; integrating electrochemical and photochemical processes with renewable 
electricity; designing polymers and chemicals for both performance and circularity; embedding life-cycle 
assessment into early-stage design; and using AI-guided automation to accelerate sustainable discovery. 
The ultimate goal is not merely to make individual reactions greener, but to build low-carbon, safe, and 
circular chemical manufacturing systems. 

4. Conclusions 

Green chemical technology is the practical application of green chemistry principles to sustainable 
chemical manufacturing. This review proposes a systems framework for connecting molecular design, 
feedstock transition, catalytic transformation, process intensification, electrification, circular product 
design, digitalization, and life-cycle assessment. Renewable and alternative feedstocks can reduce 
dependence on fossil carbon, but they require selective conversion and system-level evaluation. Catalysis 
and reaction engineering improve efficiency and selectivity, but must be assessed by stability, separation, 
and scalability. Process intensification and electrification provide routes to safer and lower-carbon 
manufacturing, but their benefits depend on energy sources and holistic process design. Circular product 
design extends green chemistry beyond synthesis to include use, recovery, recycling, and degradation. 
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Overall, the future development of green chemical technology should shift from isolated greener reactions 
to integrated, low-carbon, circular chemical manufacturing systems through the coordinated optimization 
of molecular design, catalytic efficiency, process engineering, circularity, safety, and life-cycle performance. 
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