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Abstract
Pharmaceutical manufacturing occupies an unusual position in the sustainability debate. It produces goods of exceptional social value through processes that are among the most material-intensive in the chemical sector, and it does so under regulatory constraints that penalise process change. Three research programmes have developed in response: the redesign of synthetic chemistry around catalysis and benign solvents, the application of computational and data-driven methods to route and process design, and the reorganisation of production around material recovery and reuse. These programmes are usually reviewed separately, which obscures the extent to which they depend upon, and occasionally undermine, one another. This critical narrative review examines the small-molecule and synthetic-peptide manufacturing literature published between 1998 and June 2026, with emphasis on evidence generated at pilot or manufacturing scale rather than at laboratory scale alone. Literature was identified through structured bibliographic searching of a metadata registry, targeted scholarly web searching and the publications of intergovernmental and regulatory bodies, and was appraised for design adequacy, scale of demonstration, independence of confirmation and transparency of reporting. The evidence is strongest for biocatalytic substitution of stoichiometric and precious-metal chemistry, where independent manufacturing-scale demonstrations and consistent mass-efficiency gains converge. It is moderate for solvent substitution and continuous processing, where selection guides and case studies are abundant but comparative and independently audited data remain scarce. It is weak, though not negative, for photochemical, electrochemical and mechanochemical activation at manufacturing scale, and for digital methods, whose reported gains derive predominantly from retrospective or single-laboratory studies. Circularity remains largely confined to solvent recovery; broader material loops are asserted more often than measured. Mass-based metrics, principally process mass intensity, have driven substantial improvement but conceal energy, toxicity and upstream burdens, and they compare poorly across therapeutic modalities. Progress now depends less on new chemistry than on comparable measurement, independent verification and regulatory pathways that permit process improvement after approval.
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1. Introduction
The chemical synthesis of medicines generates more waste per unit of product than almost any other manufacturing activity of comparable economic scale. Estimates compiled across sectors place the mass of waste generated per unit mass of pharmaceutical product an order of magnitude above that of bulk and fine chemicals production, a disparity that reflects molecular complexity, multi-step convergent routes, extensive purification and the regulatory premium placed on purity (Sheldon, 2017, 2023). The disparity has been recognised for three decades, yet the industry has changed more slowly than the analytical framework used to describe it.
Green chemistry supplied that framework. The twelve principles articulated at the end of the 1990s reframed waste as a design failure rather than an inevitable by-product, and directed attention upstream to route selection, catalysis, solvent choice and the intrinsic hazard of reagents (Anastas & Eghbali, 2010). Two decades of subsequent development broadened the field from reaction-level substitution towards systems-level design, incorporating renewable feedstocks, degradability, and the integration of chemical design with life cycle thinking (Erythropel et al., 2018; Zimmerman et al., 2020). The parallel concept of sustainable chemistry extended the remit further, requiring that chemical products and processes be evaluated against social and planetary boundaries rather than against incremental improvement on a prior process (Kümmerer, 2017).
Within pharmaceutical manufacturing this agenda acquired institutional form through pre-competitive collaboration among manufacturers, which produced shared metrics, solvent selection guides and periodic statements of research priority (Constable et al., 2007; Bryan et al., 2018). The most consequential output was process mass intensity, adopted as the principal mass-efficiency metric because it captures all material inputs, including water and solvents, and because it aligns environmental improvement with cost reduction (Jiménez-González, Ponder, et al., 2011). Benchmarking against this metric has coincided with measurable improvement in reported process efficiency and with the diffusion of catalytic and biocatalytic methods into commercial routes (Benison & Payne, 2022; Colberg et al., 2025).
Three developments have complicated this picture. First, the therapeutic portfolio has shifted. Synthetic peptides and oligonucleotides now constitute a substantial share of development pipelines, and their solid-phase manufacture is far more material-intensive than small-molecule synthesis, so that aggregate improvement in small-molecule efficiency can coexist with deteriorating portfolio-level performance (Kekessie et al., 2024). Second, computational methods have moved from retrosynthetic curiosity to operational tools, raising the possibility that route sustainability can be predicted rather than discovered experimentally, while also introducing an energy and data burden that is rarely accounted for (Segler et al., 2018; Schwaller et al., 2022). Third, decarbonisation commitments have redirected attention from process waste towards supply-chain emissions, where pharmaceutical manufacturers depend on intermediates produced by suppliers whose environmental performance is poorly documented (Belkhir & Elmeligi, 2019; Colberg et al., 2025).
Existing reviews address these developments in isolation. Solvent selection, biocatalysis, flow chemistry and machine-learning-assisted synthesis each possess authoritative and recent syntheses, and the metric literature has been reviewed at intervals since the early 2000s (Clarke et al., 2018; Sheldon & Woodley, 2018; Taylor et al., 2023). Reviews that treat pharmaceutical sustainability as a whole tend to be organised around management or supply-chain constructs and engage only lightly with the chemistry (Milanesi et al., 2020). What is missing is a critical account that treats sustainable synthesis, digital intelligence and circular production as interacting subsystems, asks whether the evidence supporting each is of comparable strength, and identifies the points at which improvement in one domain is achieved by displacing burden into another.
1.1 Scope, Research Gap and Objectives
This review covers the manufacture of small-molecule active pharmaceutical ingredients and synthetic peptides, from route selection through isolation and purification, together with the solvent and material flows associated with those operations. It examines three interacting domains: synthetic methodology and its associated metrics, computational and data-driven process design, and material circularity within manufacturing and its immediate supply chain.
The gap addressed is the absence of an integrated critical appraisal that compares the strength of evidence across these domains using consistent criteria, and that examines whether claimed sustainability gains survive scrutiny when scale of demonstration, independence of confirmation and burden displacement are taken into account. Prior syntheses either treat one domain in depth or treat the whole descriptively; neither approach reveals where the domains conflict.
Four objectives follow. The first is to evaluate the adequacy of prevailing metrics as instruments for directing and verifying improvement. The second is to compare the demonstrated, as distinct from asserted, environmental performance of the principal synthetic and processing technologies. The third is to assess whether computational methods have yet delivered verifiable sustainability benefit in regulated manufacture. The fourth is to determine how far circular production has progressed beyond solvent recovery, and what constrains further progress.
The intended contribution is an evidence-graded map of the field that distinguishes well-supported from provisional conclusions and specifies what would be required to resolve the principal disagreements. Biologics manufactured by fermentation or cell culture, drug product formulation, packaging, distribution, clinical use and patient-derived environmental emissions fall outside the scope, as do analytical chemistry and drug discovery, except where they bear directly on manufacturing route selection.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative design was selected because the review question concerns the comparative strength and coherence of evidence across three heterogeneous domains rather than the magnitude of a defined effect. The constituent literatures differ in design, outcome definition and reporting convention: process chemistry contributes case reports and industrial perspectives, computational chemistry contributes benchmark studies on curated datasets, and circularity research contributes life cycle assessments and management analyses. No common effect measure exists, and no meaningful pooled estimate could be constructed, which excludes meta-analysis. A systematic review restricted to a single comparison would have produced a defensible but narrow answer that could not address the interaction between domains; a scoping review would have mapped activity without appraising it.
The narrative form does not license selective citation. Search concepts, sources, eligibility criteria and appraisal criteria are stated below, conflicting findings are reported rather than reconciled, and the confidence attached to each conclusion is stated explicitly in the synthesis. Where the design permits interpretive latitude, that latitude is acknowledged in the concluding section on limitations. Methodological guidance on transparent conduct and appraisal of narrative reviews of green chemistry evidence informed this structure, particularly the requirement that metric-based claims be traced to the assumptions of the underlying metric rather than accepted at face value (Sheldon et al., 2022; Imbert & Ladu, 2023).
2.2 Information Sources
Three categories of source were searched. Structured bibliographic searching was conducted against a scholarly metadata registry, Crossref Metadata Search, using its public programmatic interface, which permits querying by bibliographic string with restriction by publication date and record type. Targeted web-based scholarly searching was used to identify recent perspectives, consensus documents and technical guidance that are indexed inconsistently in metadata registries. Institutional sources comprised the publication repositories of an intergovernmental health body and an international regulatory harmonisation body.
Bibliographic identity was confirmed for every retained record through the metadata registry, and every Digital Object Identifier was independently resolved through the global resolution service to confirm that it directed to the cited article. Subscription-based abstract and citation indexes, including Web of Science Core Collection, Scopus and Embase, were not accessible during the preparation of this review and were therefore not searched; no claim of coverage equivalent to those resources is made, and the implications are considered among the limitations.
2.3 Search Strategy and Search Period
Search concepts were derived from the review question and combined with Boolean operators. The first concept set covered the domain, using terms such as pharmaceutical manufacturing, active pharmaceutical ingredient, process chemistry and peptide synthesis. The second covered the sustainability framework, using green chemistry, sustainable chemistry, process mass intensity, E factor, atom economy and life cycle assessment. The third covered synthetic technology, using biocatalysis, enzyme engineering, continuous flow, process intensification, photocatalysis, electrochemistry, mechanochemistry and solvent selection. The fourth covered digital methods, using machine learning, retrosynthesis, computer-aided synthesis planning, Bayesian optimisation, self-driving laboratory, digital twin and process analytical technology. The fifth covered circularity and systemic outcomes, using circular economy, solvent recovery, waste valorisation, carbon footprint, supply chain emissions and pharmaceutical pollution.
Representative strings combined concepts across sets, for example: ("pharmaceutical manufacturing" OR "active pharmaceutical ingredient") AND ("green chemistry" OR "process mass intensity" OR "life cycle assessment"); (biocatalysis OR "enzyme engineering") AND ("industrial synthesis" OR manufacturing) AND (sustainability OR "green chemistry"); ("machine learning" OR "artificial intelligence") AND (retrosynthesis OR "reaction optimisation" OR "process design") AND (sustainable OR green); ("circular economy" OR "solvent recovery") AND pharmaceutical AND (manufacturing OR waste). Strings were adapted iteratively as terminology varied across disciplines, and searches were repeated for each thematic subsection rather than executed once.
The search period began in 1998, the year in which the twelve principles of green chemistry were formalised and the conceptual vocabulary used throughout this review entered general use. The final search date was 5 June 2026. Foundational publications preceding 1998 were eligible where necessary to explain the historical development of waste metrics or established synthetic methods, but no such publication ultimately met the relevance criteria.
2.4 Eligibility Criteria
Eligible publications were peer-reviewed journal articles, including original research, industrial perspectives, methodological analyses and critical or systematic reviews, together with technical guidance issued by intergovernmental or regulatory bodies. Publications were required to address the manufacture of synthetic active pharmaceutical ingredients or peptides, or to address a method, metric or system with demonstrable application to that context. English-language publications were eligible. Records were excluded where the subject was drug discovery, formulation, packaging, distribution or clinical use without manufacturing relevance; where the work concerned biologics produced by cell culture; where sustainability claims were made without any quantitative or methodological basis; where the outlet could not be verified; and where the publication was a preprint for which peer-reviewed equivalent evidence existed. Conference abstracts, trade publications, commercial material and non-scholarly commentary were excluded throughout.
Priority was given to publications reporting evidence at pilot or manufacturing scale, to independent confirmation of previously reported results, and to work that reported negative, null or contradictory findings, since the case-report convention of process chemistry favours successful demonstrations and produces an evidence base skewed towards positive outcomes.
2.5 Screening, Duplicate Handling and Study Selection
Records retrieved by each search were screened first by title and, where the title was uninformative, by abstract, against the eligibility criteria. Records passing this stage were assessed against the bibliographic registry to confirm authorship, journal, year, volume, issue and pagination, and to obtain a resolvable identifier. Full-text or full-abstract content was then assessed for relevance to the specific claim for which the source was being considered. Duplicates arising from the same record being returned by multiple searches, or from separate registrations of an article and its supplementary components, were identified by identifier and title matching and removed before appraisal, with the version of record retained in every case. Where metadata disagreed between the registry and the publisher record, the corrected metadata were adopted, and where a record could not be verified it was discarded rather than cited. Records identified but inaccessible in full text were retained only where the abstract and verified metadata were sufficient to support the specific claim made, and were otherwise excluded. Because selection was purposive and iterative rather than exhaustive, no screening counts are reported and no flow diagram is presented; reporting such figures would misrepresent a narrative process as a systematic one.
2.6 Critical Appraisal and Evidence Synthesis
Each retained source was appraised against criteria appropriate to its design. Process chemistry reports were assessed for the scale at which results were obtained, the completeness of mass and energy accounting, the transparency of the comparison baseline, and whether the comparator was a genuine incumbent process or a laboratory route never intended for manufacture. Computational studies were assessed for dataset provenance, the presence of held-out or prospective validation, the appropriateness of the performance measure, and whether reported gains were demonstrated experimentally or inferred. Life cycle assessments were assessed for system boundary, functional unit, data quality and sensitivity analysis. Industrial perspectives and consensus documents were treated as evidence of practitioner priority and of aggregate benchmarking, but not as independent empirical evidence, since their data are self-reported by participating organisations. Formal risk-of-bias instruments were not applied, because no recognised tool exists for the dominant study designs in this field and because the information required to apply one is frequently absent.
Themes were developed inductively from the appraised evidence and organised around mechanisms, contested claims and methodological problems rather than around technologies. Where findings conflicted, the disagreement was examined for its likely source, distinguishing differences in system boundary, scale, comparator selection, therapeutic modality and reporting incentive. Confidence in each conclusion is characterised qualitatively as strong, moderate or weak, reflecting the consistency of findings, the scale at which they were obtained, and whether they have been confirmed by parties independent of the originating organisation.
3. Metrics as the Contested Foundation of Improvement
3.1 From atom economy to process mass intensity
Measurement determines what is improved. The earliest quantitative expressions of chemical efficiency, atom economy and the environmental factor, were designed to expose the material cost concealed by percentage yield. Atom economy is a property of a balanced equation and can be computed before any experiment; the environmental factor is a property of a realised process and captures everything the equation omits, including solvents, work-up materials and losses (Sheldon, 2017). The two were never equivalent, and treating them as interchangeable produced early confusion, since a reaction of high atom economy conducted in dilute solution with aqueous work-up can generate more waste than a stoichiometric transformation run neat.
A systematic comparison of candidate metrics conducted within the industry concluded that mass-based measures capturing total input were more informative for process development than measures restricted to the reaction stoichiometry, and that simplicity mattered more than theoretical completeness if a metric were to be adopted across many sites (Constable et al., 2002). Process mass intensity, defined as the total mass of materials used per unit mass of isolated product, emerged from that reasoning. Its adoption was argued on the grounds that it counts water and recovered solvents on the same basis as reagents, that it correlates with cost, and that it directs attention to the steps where material consumption is concentrated (Jiménez-González, Ponder, et al., 2011). Fifteen years of collaborative benchmarking against this measure produced consistent reductions in reported intensity for commercial routes and extended its application from synthesis into plant cleaning and ancillary operations (Benison & Payne, 2022).
3.2 Normalisation, aspiration and the persistence of mass-based accounting
A metric that rewards absolute reduction penalises molecular complexity. Two syntheses with identical process mass intensity are not equally accomplished if one produces a simple achiral compound and the other a polycyclic molecule with several stereocentres. The green aspiration level was introduced to address this by normalising performance against the complexity of the target, expressing achievement relative to an expected intensity derived from the number and type of bond-forming operations required (Roschangar et al., 2015). A revised formulation converted the concept into a relative process greenness score intended to permit comparison across molecules and across companies (Roschangar et al., 2018). A subsequent approach used cumulative complexity meta-metrics computed from route topology to predict process mass intensity during route design, before laboratory work commences, which shifts the metric from retrospective scoring towards prospective selection (Angelini et al., 2023).
These refinements share a limitation. All remain mass-based, and mass is a weak proxy for environmental burden. A process that substitutes a large volume of a benign, readily recovered solvent for a small volume of a persistent halogenated one may report a higher process mass intensity while producing a lower life cycle impact. Conversely, energy-intensive separations, cryogenic operations and long cycle times are invisible to mass accounting. Life cycle assessment of solvent flows in pharmaceutical production established that the environmental burden of a solvent is dominated by its production and its end-of-life treatment rather than by the mass used in the reactor, and that recovery therefore alters the ranking of solvents substantially (Raymond et al., 2010). Recent full life cycle assessment of an active pharmaceutical ingredient reached a comparable conclusion, attributing a large share of total impact to upstream raw material production rather than to the manufacturing operations that mass metrics capture (Kaji et al., 2025). Reviews of the metric landscape have made the same point in general terms, noting that no single indicator captures resource use, hazard, energy and circularity simultaneously, and that indicator proliferation has outpaced indicator validation (Sheldon, 2018; Sheldon et al., 2022; Imbert & Ladu, 2023).
3.3 Modality dependence and the limits of cross-portfolio comparison
The most serious challenge to the prevailing metric framework is that it does not transfer across therapeutic modalities. An industry-wide compilation of process mass intensity for peptide manufacture found values far above the range typical of small-molecule active pharmaceutical ingredients, driven principally by the solvent consumption of solid-phase synthesis and by the resin, coupling reagent and deprotection cycles it requires (Kekessie et al., 2024). Twin-screw extrusion has since been applied to peptide bond formation with the explicit aim of reducing this solvent dependence, and has produced pharmaceutically relevant peptides under continuous, largely solvent-free conditions at laboratory and small pilot scale (Daurio et al., 2025). The relevant point for measurement is that a manufacturer whose portfolio shifts towards peptides may report deteriorating aggregate intensity while every individual process improves, and a manufacturer whose portfolio shifts away from peptides may report improvement without changing any process. Aggregate benchmarking figures therefore require portfolio composition to be reported alongside them, which is not current practice.
A second limitation concerns the boundary of the measurement. Process mass intensity conventionally begins at the manufacturer's registered starting material, so material consumed in producing that starting material, frequently by a contract supplier in another jurisdiction, is excluded. Industry perspectives have acknowledged that the resulting blind spot coincides with the largest component of sector emissions and have identified supply-chain data as a priority for the coming decade (Colberg et al., 2025). Until upstream data are available on a comparable basis, reported improvement in process mass intensity is compatible with unchanged or increased total burden, and the metric functions more reliably as an internal improvement tool than as an environmental claim.
Sector-level analyses of metric use in pharmaceutical manufacturing have reached similar conclusions, describing a system in which mass metrics are well embedded, energy and hazard metrics are used inconsistently, and integrated indicators are discussed more than applied (Becker et al., 2022). Table 1 compares the principal metrics against what each measures, the strongest argument for its use and the constraint that limits its interpretation. The comparison shows that the metrics are complementary rather than competing, and that the practical problem is not the absence of suitable indicators but the absence of any convention requiring more than one to be reported.
Table 1. Principal metrics used to assess environmental performance in pharmaceutical process development, with their interpretive constraints.
	Metric
	Quantity measured
	Principal strength
	Principal interpretive constraint
	Supporting references

	Atom economy
	Proportion of reactant mass appearing in the product according to the balanced equation
	Computable before experiment; exposes stoichiometric inefficiency at route-design stage
	Ignores solvents, catalysts, work-up and losses; a high value is compatible with a wasteful process
	Sheldon (2017, 2023)

	E factor
	Mass of waste generated per unit mass of product
	Captures realised process performance including solvents and losses; comparable across sectors
	Definition of waste varies, particularly regarding water and recovered solvent; sensitive to system boundary
	Constable et al. (2002); Sheldon (2017, 2023); Sheldon et al. (2022)

	Process mass intensity (PMI)
	Total mass of materials input per unit mass of isolated product
	Aligns environmental and cost objectives; simple to compute and audit; widely benchmarked
	Mass is a weak proxy for impact; excludes energy and hazard; conventionally begins at the registered starting material
	Jiménez-González, Ponder, et al. (2011); Benison & Payne (2022); Colberg et al. (2025)

	Green aspiration level and derived greenness score
	PMI normalised against the synthetic complexity of the target molecule
	Permits comparison across molecules of unequal difficulty; rewards route innovation rather than target simplicity
	Complexity estimation is model-dependent; normalisation can obscure absolute material consumption
	Roschangar et al. (2015, 2018)

	Cumulative complexity meta-metrics
	Route topology descriptors used to predict PMI before laboratory work
	Enables prospective route screening; reduces reliance on retrospective scoring
	Predictive performance established on limited internal datasets; external validation not yet reported
	Angelini et al. (2023)

	Life cycle assessment
	Cradle-to-gate or cradle-to-grave environmental impacts across multiple categories
	Captures upstream production and end-of-life burdens invisible to mass metrics; supports trade-off analysis
	Data-intensive and boundary-sensitive; inventory data for pharmaceutical intermediates are frequently unavailable
	Raymond et al. (2010); Kaji et al. (2025)

	Integrated and sector-level indicator sets
	Combined resource, energy, hazard and circularity indicators
	Addresses the incompleteness of any single measure
	Rarely applied in practice; no accepted weighting convention; comparability between schemes is poor
	Becker et al. (2022); Imbert & Ladu (2023)


Note. PMI = process mass intensity. Entries describe metrics as applied to synthetic active pharmaceutical ingredient and peptide manufacture; applicability to biologics is not implied. The table is illustrative of the metrics most frequently encountered in the reviewed literature and is not an exhaustive inventory of proposed indicators.
4. Sustainable Synthesis: Where the Evidence Is Strong and Where It Is Asserted
4.1 Solvents as the dominant material and impact term
Solvents account for the largest share of material consumed in the manufacture of small-molecule active pharmaceutical ingredients, and their selection determines a substantial part of the associated environmental, health and safety burden. Recognition of this led to the publication of solvent selection guides that rank solvents by a combination of safety, health, environmental and process criteria, of which the guide developed within a European public–private consortium is among the most widely adopted because it applies transparent, reproducible scoring rather than proprietary judgement (Prat et al., 2016). Comparative analysis of the available guides established that they agree on the extreme cases, unambiguously discouraging chlorinated hydrocarbons, benzene and certain ethers, and unambiguously favouring water, short-chain alcohols and esters, but diverge substantially in the intermediate range where most practical decisions are made (Byrne et al., 2016).
The divergence has a methodological explanation. Guides differ in the impact categories included, in whether recovery is assumed, and in whether they weight occupational exposure against ecotoxicity. A guide constructed principally around workplace hazard will rank a volatile but readily recovered solvent differently from a guide constructed around aquatic toxicity. Critical reviews of green and sustainable solvents have emphasised that the label attached to a solvent class carries little information without a specified basis of comparison, and that several solvent families promoted as inherently green, including certain ionic liquids and deep eutectic mixtures, perform poorly when their synthesis, purification and end-of-life treatment are included (Clarke et al., 2018; Hessel et al., 2022). This is a recurring pattern in the field: the environmental credentials of a substitute are frequently established against the incumbent's use phase alone.
Practical substitution has proved hardest for dipolar aprotic solvents and for ethereal solvents, which combine solvating power and reaction compatibility that alternatives match only partially. A comprehensive review of replacement candidates concluded that no single substitute matches the performance of the restricted amide solvents across reaction classes, that most successful replacements are reaction-specific, and that reformulation frequently requires changes in temperature, concentration or base that alter the impurity profile and therefore require regulatory assessment (Jordan et al., 2022). Data-driven selection tools have been proposed to address the intermediate range where guides disagree, combining physicochemical descriptors, predicted process performance and sustainability scores within a single platform (Ma et al., 2025). Machine learning applied to solvent descriptors has also been used to select solvents for asymmetric catalysis with performance exceeding chemist-selected baselines in the reported case (Amar et al., 2019). These approaches are promising but have been demonstrated on narrow reaction classes, and none has yet been shown to transfer to a manufacturing process without re-optimisation.
A more searching test of solvent-focused improvement comes from applying a full metrics toolkit to routes that are described as green. Detailed reanalysis of published syntheses of amines from renewable feedstocks, using a standardised toolkit, found that many such routes performed worse than their petrochemical counterparts once solvent volume, catalyst loading, purification and energy were included, and that the renewable label had frequently been applied on feedstock origin alone (Afanasenko et al., 2025). The finding is significant beyond amine chemistry, because it demonstrates that green designation in the primary literature is often assigned without the analysis required to support it.
Table 2 summarises the principal solvent-related interventions and the strength of the evidence supporting each. The pattern that emerges is that measures which reduce solvent quantity are better supported than measures which substitute one solvent for another, because quantity reduction produces benefit under any weighting scheme whereas substitution depends on the impact categories chosen.
Table 2. Solvent-related interventions in active pharmaceutical ingredient manufacture, with evidence strength and unresolved issues.
	Intervention
	Mechanism of burden reduction
	Strength of supporting evidence
	Principal unresolved issue
	Supporting references

	Guide-based solvent substitution
	Replacement of high-hazard solvents with lower-hazard alternatives of comparable function
	Moderate for extreme cases; weak in the intermediate range
	Guides diverge where most decisions are made because impact categories and weightings differ
	Prat et al. (2016); Byrne et al. (2016)

	Replacement of dipolar aprotic and ethereal solvents
	Elimination of reprotoxic and peroxide-forming solvents from regulated processes
	Moderate; extensive reaction-level evidence, limited manufacturing-scale confirmation
	No general substitute exists; replacements are reaction-specific and alter impurity profiles
	Jordan et al. (2022)

	Neoteric solvent classes (ionic liquids, deep eutectic mixtures)
	Reduced volatility and improved recyclability relative to conventional organic solvents
	Weak at manufacturing scale; laboratory evidence abundant
	Cradle-to-gate burdens of solvent synthesis and difficulties of end-of-life treatment frequently omitted
	Clarke et al. (2018); Hessel et al. (2022)

	Solvent quantity reduction through concentration and telescoping
	Direct reduction of total input mass without changing solvent identity
	Moderate to strong; benefit is independent of impact weighting
	Constrained by solubility, heat transfer and impurity rejection; rarely reported as a distinct intervention
	Constable et al. (2007); Bryan et al. (2018)

	Solvent-free and reduced-solvent mechanochemical processing
	Elimination of bulk solvent from the bond-forming step
	Weak to moderate; scalable demonstrations emerging for peptides
	Energy accounting, heat management and equipment cleaning burdens not yet quantified at scale
	Ardila-Fierro & Hernández (2021); Daurio et al. (2025)

	Data-driven and machine-learning solvent selection
	Systematic exploration of solvent space against combined performance and sustainability criteria
	Weak; demonstrated on narrow reaction classes
	Transferability to new chemistry and to regulated processes unproven; training data are unrepresentative of manufacturing conditions
	Amar et al. (2019); Ma et al. (2025)

	Solvent recovery and reuse
	Displacement of virgin solvent production and of incineration burdens
	Moderate; life cycle evidence consistent where recovery is practised
	Recovery economics depend on purity specification and scale; cross-contamination risk constrains reuse in regulated manufacture
	Raymond et al. (2010); Yin et al. (2025)


Note. Evidence strength reflects consistency of findings, the scale at which they were obtained and whether independent confirmation exists, as defined in Section 2.6. Assessments apply to synthetic active pharmaceutical ingredient and peptide manufacture.
4.2 Catalysis and the persistence of stoichiometric chemistry
Successive statements of research priority issued by pharmaceutical manufacturers have identified the same unresolved problems across more than a decade, which is itself informative. Amide bond formation without poor-atom-economy coupling reagents, oxidation and reduction without stoichiometric metal or hydride reagents, and general methods for carbon–hydrogen activation appeared as priorities in 2007 and reappeared, with only modest reformulation, in 2018 (Constable et al., 2007; Bryan et al., 2018). The persistence indicates that these are not problems awaiting attention but problems that resist solution under manufacturing constraints.
Amide bond formation illustrates the difficulty. It is among the most frequently executed transformations in medicinal and process chemistry, and the coupling reagents that dominate practice generate stoichiometric waste of high molecular mass. Catalytic alternatives, including boron-based and metal-catalysed direct amidation, have been developed and reviewed critically, and the assessment is that catalytic methods are viable for a defined subset of substrate pairs but that substrate scope, catalyst loading and the requirement for azeotropic water removal have prevented general adoption (Sabatini et al., 2019). The obstacle is not the absence of a catalytic reaction but the mismatch between the breadth of substrates encountered in development and the scope of any individual catalytic method.
This mismatch explains a structural feature of the field. Manufacturing route selection favours robustness and predictability over efficiency, because a route that fails on one campaign imposes costs far exceeding the material savings available from a more efficient but less reliable alternative. Stoichiometric chemistry persists because it is general. Any technology that competes with it must therefore be evaluated not only on efficiency but on breadth of applicability, a criterion under which most catalytic advances perform poorly relative to their laboratory performance.
4.3 Biocatalysis: the strongest evidence in the field
Biocatalysis is the one domain in which the sustainability case rests on manufacturing-scale evidence rather than extrapolation. Enzymes operate in water or in low-hazard organic media at moderate temperature and pressure, achieve selectivity that removes protecting group manipulations, and generate biodegradable protein waste, so that the mechanistic argument for reduced burden is unusually direct (Sheldon & Woodley, 2018). The mechanistic argument would carry limited weight without demonstration, and demonstration exists.
The transaminase-catalysed synthesis of sitagliptin replaced a rhodium-catalysed asymmetric hydrogenation operating at elevated pressure with an enzymatic step requiring neither precious metal nor specialised pressure equipment, delivering higher yield and volumetric productivity together with reduced total waste, and doing so in commercial manufacture rather than in a laboratory demonstration (Savile et al., 2010). The construction of a multi-enzyme cascade for islatravir, in which a sequence of engineered enzymes assembled the nucleoside analogue in a single vessel from simple precursors, compressed a substantially longer chemical route and represents the most complete demonstration to date that cascade design can replace multi-step synthesis rather than merely improving one step within it (Huffman et al., 2019). Independent reviews and industrial surveys record steady expansion of the enzyme classes used in commercial processes, from hydrolases and ketoreductases towards imine reductases, transaminases, oxidases and carbon–carbon bond-forming enzymes (Devine et al., 2018; Wu et al., 2021; Bell et al., 2021; Sheldon et al., 2020). A recent cross-company perspective describes routine deployment across development portfolios and identifies enzyme supply, immobilisation cost and cofactor recycling rather than catalytic capability as the current constraints (Falcioni et al., 2025).
Two qualifications limit generalisation. The first is that the flagship demonstrations required substantial protein engineering campaigns, and the resource intensity of those campaigns is not reflected in the process metrics reported for the resulting route. A process whose mass intensity is low but whose development consumed years of directed evolution has displaced burden into development rather than eliminating it, and no published accounting reconciles the two. The second is publication asymmetry. Failed enzyme engineering campaigns and routes abandoned because no enzyme of adequate activity could be obtained are rarely reported, so the apparent success rate of biocatalytic substitution is inflated by selection. Confidence that biocatalysis reduces manufacturing burden where it is successfully applied is strong; confidence in the proportion of targets for which it can be applied is weak.
Continuous operation with immobilised enzymes addresses part of the cost constraint by permitting catalyst reuse and by decoupling residence time from batch cycle time, and has been demonstrated for fine chemical synthesis with retained activity over extended operation (Thompson et al., 2019). Immobilisation nonetheless introduces its own material burden through support synthesis and activity loss on binding, and comparative accounting that includes the support has not been reported systematically.
4.4 Photochemical, electrochemical and mechanochemical activation
Three activation modes have been promoted as intrinsically green because they replace stoichiometric chemical reagents with photons, electrons or mechanical energy. The mechanistic argument is sound in each case, but the evidence supporting environmental benefit at manufacturing scale is thinner than the volume of publication suggests.
Photochemical methods have advanced from laboratory curiosity to credible process technology principally through flow reactor design, which resolves the photon penetration problem that prevents scale-up in batch vessels, and through high-throughput screening of photocatalyst and condition combinations (Buglioni et al., 2022). A comprehensive assessment of photocatalysis within the life science industry documented adoption in medicinal chemistry and early development but found comparatively few examples carried into commercial manufacture, attributing the gap to equipment availability, photocatalyst cost and the difficulty of demonstrating consistent photon delivery at scale (Candish et al., 2022). Electrochemical synthesis presents a comparable pattern: the substitution of electrons for chemical oxidants and reductants is attractive, practical guidance for adoption has improved substantially, and yet electrode fouling, cell design, scale-dependent current distribution and supporting electrolyte recovery remain unresolved at manufacturing scale (Kingston et al., 2020). Neither technology has been the subject of a published life cycle assessment comparing it with the incumbent process on a manufacturing basis, so claims of reduced burden rest on the absence of stoichiometric reagents rather than on measurement. Where electricity is generated from fossil sources, the substitution of chemical for electrical energy may transfer burden rather than reduce it, a possibility that the promotional literature rarely addresses.
Mechanochemistry has the most direct mechanistic claim, since eliminating bulk solvent removes the dominant mass term. Systematic assessment against the twelve principles concluded that mechanochemical methods perform strongly on waste prevention, solvent use and safety, but that energy consumption, heat dissipation and the scalability of milling equipment are inadequately characterised, and that the discipline has not established standard reporting for energy input (Ardila-Fierro & Hernández, 2021). Synthetic capability has expanded considerably, including transformations previously thought to require solution conditions (Friščić et al., 2020). The most consequential recent development for pharmaceutical relevance is the application of twin-screw extrusion, an established continuous processing technology, to peptide bond formation, producing pharmaceutically relevant peptides under continuous and largely solvent-free conditions (Daurio et al., 2025). This is significant because it addresses the modality with the worst mass intensity using equipment already familiar to pharmaceutical manufacture. The demonstrations remain below commercial scale and no comparative life cycle assessment against solid-phase synthesis has been published, so the magnitude of benefit is not yet established even though its direction is plausible.
5. Continuous Manufacturing and Process Intensification: A Contested Environmental Case
5.1 The mechanistic argument and its assumptions
The case for continuous processing rests on several linked arguments. Small reactor volumes improve heat and mass transfer, which permits operation at higher concentration and closer to the thermodynamic optimum; precise residence time control suppresses over-reaction and by-product formation; telescoping of steps without isolation removes solvent-intensive work-up and drying operations; and reduced inventory of hazardous intermediates lowers the consequence of loss of containment (Plutschack et al., 2017). Integration of these arguments into a coherent manufacturing proposition was demonstrated by a reconfigurable system capable of producing several finished pharmaceutical products from advanced intermediates within a footprint far smaller than a conventional plant (Adamo et al., 2016). Broader assessments of enabling technologies have positioned continuous processing as the organising platform into which photochemical, electrochemical and biocatalytic steps can be integrated, rather than as a competing technology (Fitzpatrick et al., 2016).
Each argument carries an assumption. Higher concentration assumes solubility permits it; telescoping assumes impurity carry-over is acceptable; smaller inventory assumes equivalent throughput is achieved by extending operation rather than by increasing scale. Where these assumptions fail, the environmental advantage diminishes or reverses.
5.2 What the empirical evidence supports
The most careful examination of whether continuous manufacturing delivers its environmental promise concluded that the promise is conditional rather than general (Rogers & Jensen, 2019). Benefit is reliably obtained where the chemistry is fast, exothermic, hazardous in batch, or limited by mixing or heat transfer, and where telescoping eliminates isolation steps. Benefit is small or negative where the chemistry is slow, where solids handling is required, where product changeover is frequent, or where extended operation increases the energy associated with maintaining the plant in a steady state. The analysis also identified a reporting problem: comparisons are typically made against a laboratory batch procedure rather than against an optimised batch manufacturing process, which systematically favours the continuous option.
Industrial perspectives written from within the sector describe a similar picture, reporting that continuous methods have been adopted selectively for specific transformations, particularly those involving hazardous reagents or unstable intermediates, rather than as a general replacement for batch operation, and that capital cost, regulatory precedent and workforce capability rather than chemistry determine the pace of adoption (Baumann et al., 2020). Analysis of the opportunity in regions without established batch infrastructure has argued that continuous manufacturing may be adopted more readily where there is no incumbent plant to displace, since the principal barrier is the replacement of depreciated batch assets rather than the technology itself (Nqeketo & Sagandira, 2024). This argument is plausible and has policy relevance for pharmaceutical manufacturing capacity in low- and middle-income settings, but it remains an argument rather than a demonstrated outcome.
5.3 Regulatory and organisational constraints
The regulatory environment has changed materially. Regulatory analysis published a decade ago identified the absence of an agreed framework for continuous processes as the principal obstacle to adoption, noting that batch definition, control strategy and process validation all required reinterpretation (Lee et al., 2015). That gap has since been addressed through an internationally harmonised guideline specifying expectations for the control strategy, batch definition, process dynamics and material traceability of continuous manufacturing for drug substances and drug products (International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use [ICH], 2022). The existence of the guideline removes the argument that continuous manufacturing lacks a regulatory pathway.
A different constraint persists and is more consequential for sustainability than technology choice. Post-approval change to a manufacturing process requires regulatory submission and, in many jurisdictions, approval before implementation, with the burden increasing where multiple markets are involved. The consequence is that the greenest available route is not necessarily the route in use, because a process improvement identified after approval must overcome a regulatory cost that a pre-approval improvement does not face. This asymmetry channels environmental improvement into the development phase and effectively freezes commercial processes at the state of the art prevailing at approval. The point is acknowledged in industry perspectives but has not been examined empirically; no published study quantifies the magnitude of foregone improvement attributable to post-approval change requirements (Bryan et al., 2018; Colberg et al., 2025).
Table 3 assesses the principal enabling technologies against the benefits claimed for them and the scale at which those benefits have been demonstrated. The distribution is uneven: technologies with the strongest mechanistic arguments are not those with the strongest evidence, and the gap between laboratory demonstration and manufacturing evidence is widest precisely where publication activity is greatest.
Table 3. Enabling synthetic and processing technologies: claimed sustainability benefits compared with demonstrated evidence.
	Technology
	Principal claimed benefit
	Highest scale of published demonstration in pharmaceutical manufacture
	Principal evidential limitation
	Supporting references

	Enzymatic catalysis (single step)
	Removal of precious-metal and stoichiometric chiral auxiliaries; aqueous, ambient operation
	Commercial manufacture
	Development burden of enzyme engineering not accounted for in process metrics; failed campaigns unpublished
	Savile et al. (2010); Sheldon & Woodley (2018); Wu et al. (2021)

	Multi-enzyme cascades
	Replacement of multi-step sequences with a single-vessel biotransformation
	Demonstrated manufacture of a clinical candidate
	Few targets addressed; cofactor recycling and enzyme supply economics unresolved at scale
	Huffman et al. (2019); Bell et al. (2021); Falcioni et al. (2025)

	Continuous flow processing
	Higher concentration, telescoping, reduced hazardous inventory, smaller plant footprint
	Commercial manufacture for selected transformations
	Comparisons frequently made against laboratory batch rather than optimised batch manufacture
	Adamo et al. (2016); Rogers & Jensen (2019); Baumann et al. (2020)

	Continuous biocatalysis with immobilised enzymes
	Catalyst reuse; decoupling of residence time from batch cycle time
	Pilot scale for fine chemicals
	Material burden of immobilisation support rarely included in comparative accounting
	Thompson et al. (2019)

	Photochemical activation
	Substitution of photons for stoichiometric oxidants and radical initiators
	Pilot scale; limited commercial adoption
	No published manufacturing-scale life cycle comparison; photocatalyst cost and photon delivery unresolved
	Buglioni et al. (2022); Candish et al. (2022)

	Electrochemical activation
	Substitution of electrons for chemical oxidants and reductants
	Laboratory to early pilot scale
	Electrode fouling, current distribution and electrolyte recovery unresolved; benefit contingent on electricity source
	Kingston et al. (2020)

	Mechanochemical activation and twin-screw extrusion
	Elimination of bulk solvent from the bond-forming step
	Laboratory and small pilot scale for peptides
	Energy input reporting not standardised; no comparative life cycle assessment against solid-phase synthesis
	Ardila-Fierro & Hernández (2021); Friščić et al. (2020); Daurio et al. (2025)


Note. Scale of demonstration refers to the highest scale reported in the peer-reviewed sources cited, not to unpublished industrial practice, which may be more advanced. Absence of published manufacturing-scale evidence is not evidence that a technology performs poorly at that scale.
6. Digital Intelligence: Capability Demonstrated, Sustainability Benefit Assumed
6.1 Retrosynthetic prediction and route-level environmental selection
Computational retrosynthesis progressed from rule-based systems of limited coverage to neural models trained on reaction corpora that propose routes at a speed and breadth no chemist can match. A hybrid approach combining neural policy networks with Monte Carlo tree search produced routes that experienced chemists could not reliably distinguish from literature routes in blinded comparison, establishing that the models had captured usable synthetic knowledge rather than memorised patterns (Segler et al., 2018). Sequence-to-sequence modelling of reaction transformations subsequently delivered forward prediction with calibrated uncertainty, permitting a model to indicate when its prediction should not be trusted, which matters more for process application than raw accuracy (Schwaller et al., 2019). Critical reviews of the field have documented rapid improvement in benchmark performance alongside persistent concerns regarding dataset provenance, the near-absence of reported negative results in training corpora, and the weak correspondence between benchmark metrics and laboratory utility (Schwaller et al., 2022). Related work has focused specifically on predicting reaction conditions rather than connectivity, which is where most environmental burden is determined (Han et al., 2024).
The connection between this capability and sustainability is where the evidence becomes thin. A model trained on the published reaction record learns the preferences embedded in that record, including its reliance on dipolar aprotic solvents, palladium catalysis and chlorinated extraction solvents. Absent an explicit sustainability objective, a retrosynthetic model will propose conventional chemistry efficiently. Route scoring that incorporates green metrics has been proposed, and complexity-based prediction of process mass intensity provides a mechanism by which route candidates could be ranked environmentally before experiment (Angelini et al., 2023). No published study, however, reports a manufacturing process whose route was selected by an environmentally weighted computational method and whose realised environmental performance was subsequently measured against the alternative. The claim that computational route design improves sustainability is at present mechanistically plausible and empirically unsupported.
6.2 Closed-loop optimisation and autonomous experimentation
Reaction optimisation is the stage at which environmental performance is most directly determined, since it fixes solvent, concentration, temperature, catalyst loading and stoichiometry. Bayesian optimisation applied to reaction conditions outperformed human experts, including experienced process chemists, in a controlled comparison on a defined optimisation problem, and did so with fewer experiments (Shields et al., 2021). Extension to the identification of generally applicable conditions across substrate classes, rather than conditions optimal for a single substrate, addressed a limitation of greater industrial relevance, since manufacturing benefits more from robust general conditions than from narrowly optimal ones (Angello et al., 2022). Critical review of the optimisation literature has emphasised that algorithm choice matters less than the definition of the objective function and the quality of the experimental platform, and that comparisons between optimisation methods are frequently confounded by differences in the underlying hardware (Taylor et al., 2023).
Autonomous platforms extend optimisation into unattended operation. Integration of computational route planning with robotic flow synthesis demonstrated that a system could plan and execute the synthesis of multiple targets with limited human intervention (Coley et al., 2019). A mobile robotic system operating in a conventional laboratory conducted an extended autonomous campaign in a large parameter space, demonstrating that autonomy need not require purpose-built facilities (Burger et al., 2020). Reviews of self-driving laboratories have described the field as advancing rapidly in capability while lacking standardisation, reproducibility conventions and shared benchmarks (Bennett & Abolhasani, 2022; Bayley et al., 2024). Multi-objective operation is the development of greatest relevance here: autonomous mapping of a Pareto front between competing objectives permits explicit trade-off between yield, cost and material efficiency rather than optimisation of yield alone (Bennett et al., 2024). Large language models have been applied to plan and execute experimental sequences from natural-language instructions, extending autonomy from parameter search towards task specification, though the reported demonstrations concern well-precedented reactions and the reliability of such systems on unfamiliar chemistry is untested (Boiko et al., 2023). Automated synthesis platforms for small molecules developed along a parallel path, motivated by throughput rather than sustainability, and the two lines of work have not yet been systematically integrated (Trobe & Burke, 2018).
The sustainability argument for autonomous optimisation is that it finds better conditions with fewer experiments, and that better conditions consume less material. Both parts are supported in principle, but the reported gains concern the efficiency of the optimisation campaign rather than the environmental performance of the resulting process. The relevant comparison, between the environmental performance of an autonomously optimised manufacturing process and that of a conventionally developed one, has not been published.
6.3 Enzyme design, process systems modelling and digital process control
Machine learning has entered enzyme engineering, where it addresses the development burden identified in Section 4.3 as the principal unaccounted cost of biocatalysis. Generative models now propose sequence variants with improved activity, stability or substrate scope, reducing the number of variants that must be screened experimentally (Wen et al., 2025). Reviews of the transition from directed evolution towards computationally guided design describe substantial reduction in screening effort for well-characterised enzyme families, with performance falling away for novel folds and for activities without close natural precedent (Lv et al., 2026). If these methods generalise, they would materially alter the economics of biocatalytic route selection by shortening the engineering campaign that currently restricts biocatalysis to high-value targets. The evidence is recent and largely retrospective, and prospective demonstration of a manufacturing process whose enzyme was designed rather than evolved has not been reported.
At the process systems level, machine learning has been combined with conventional process modelling to support design and operation under sustainability objectives, principally through surrogate modelling that reduces the computational cost of optimisation and through data-driven identification of relationships that mechanistic models capture poorly (Torres et al., 2025). Digital twins, in which a validated model runs in parallel with the physical process, have been reviewed for pharmaceutical and biopharmaceutical manufacturing, with the assessment that most published implementations address unit operations rather than integrated processes and that model validation and maintenance under changing raw material properties remain the principal obstacles (Chen et al., 2020). These constraints are consequential for sustainability, since the environmental benefit of a digital twin arises from tighter control and reduced batch rejection, both of which depend on the model remaining accurate over the operational lifetime.
Digital control of manufacturing depends on measurement. Process analytical technology provides the in-process measurement on which real-time control and real-time release depend, and comprehensive assessment of the field identified spectroscopic and imaging methods as mature for many applications while noting persistent difficulties in calibration transfer, model maintenance and the handling of measurement drift (Simon et al., 2015). Quality by design supplies the framework linking process understanding to control strategy, and systematic review of its implementation found adoption uneven, with the design space concept applied more often in submission documents than in operational decision-making (Grangeia et al., 2020). The environmental relevance is direct but indirect in mechanism: reduced variability lowers batch failure, and a failed batch represents the total material and energy input of the process converted entirely to waste. No published analysis quantifies the aggregate environmental benefit of improved control across a manufacturing portfolio, which is a notable omission given that the mechanism is uncontested.
6.4 The unaccounted footprint and the data problem
Two systematic weaknesses run through the digital literature. The first is that the energy and material cost of computation is almost never included in the sustainability accounting of computational methods. Training large reaction models, running extended optimisation campaigns and operating autonomous platforms consume energy and specialised hardware, and the comparison between a computationally optimised process and a conventionally developed one is incomplete without that term. No study identified in this review reported it.
The second is dependence on data whose properties are poorly matched to the application. Reaction databases record what was published, not what was attempted, so negative and failed results are largely absent; conditions are recorded incompletely; and the distribution of reactions reflects medicinal chemistry practice rather than manufacturing practice (Schwaller et al., 2022). A model trained on such data will predict well for reaction types that are already well precedented and poorly for the underexplored chemistry where environmental improvement is most available. This is a structural constraint rather than a temporary one, and it will not be resolved by larger models.
Table 4 assesses the principal digital approaches against their function, maturity for application in regulated manufacture and the specific evidence gap that limits confidence. The pattern is consistent across approaches: capability is well demonstrated, environmental benefit is inferred rather than measured, and the inference depends on assumptions that have not been tested at manufacturing scale.
Table 4. Digital and computational approaches to pharmaceutical process design, with maturity for regulated manufacture and evidence gaps.
	Approach
	Function in process development
	Maturity for regulated manufacture
	Principal evidence gap
	Supporting references

	Neural retrosynthesis and route planning
	Generation and ranking of candidate synthetic routes
	Research to early adoption
	No published manufacturing process selected by environmentally weighted computational route design with measured outcome
	Segler et al. (2018); Schwaller et al. (2022)

	Forward reaction and condition prediction
	Prediction of outcome and of reaction conditions for proposed steps
	Early adoption
	Training corpora omit failed reactions and under-record conditions; predictions weakest for underexplored chemistry
	Schwaller et al. (2019); Han et al. (2024)

	Bayesian and closed-loop reaction optimisation
	Efficient identification of high-performing and generally applicable conditions
	Adopted in development laboratories
	Reported gains concern campaign efficiency, not the environmental performance of the resulting process
	Shields et al. (2021); Angello et al. (2022); Taylor et al. (2023)

	Self-driving laboratories and autonomous platforms
	Unattended planning, execution and analysis of experimental campaigns
	Research; isolated development use
	No reproducibility conventions or shared benchmarks; computational and hardware footprint unreported
	Coley et al. (2019); Burger et al. (2020); Bennett & Abolhasani (2022); Bayley et al. (2024); Boiko et al. (2023)

	Multi-objective autonomous optimisation
	Explicit trade-off between yield, cost and material efficiency
	Research
	Demonstrated on model systems; objective functions incorporating full environmental burden not yet formulated
	Bennett et al. (2024)

	Machine-learning-guided enzyme design
	Reduction of screening burden in biocatalyst development
	Research to early adoption
	Prospective demonstration of a manufacturing biocatalyst designed rather than evolved not reported
	Wen et al. (2025); Lv et al. (2026)

	Digital twins and hybrid process models
	Parallel simulation supporting control and prediction
	Unit-operation level; integrated processes rare
	Model validation and maintenance under raw material variability unresolved; environmental benefit not quantified
	Chen et al. (2020); Torres et al. (2025)

	Process analytical technology and quality by design
	In-process measurement and control strategy definition
	Established, unevenly implemented
	Aggregate environmental benefit of reduced batch failure across a portfolio not quantified
	Simon et al. (2015); Grangeia et al. (2020)


Note. Maturity refers to demonstrated use in the manufacture of regulated pharmaceutical products as reported in the cited peer-reviewed literature. Categories are ordinal descriptions, not the output of a formal readiness assessment instrument.
7. Circular Production: Realised in Solvents, Asserted Elsewhere
7.1 Solvent recovery as the principal realised circularity
Circularity in pharmaceutical manufacturing has one substantial success and several unrealised ambitions. The success is solvent recovery. Because solvents dominate process mass and because their environmental burden is concentrated in production and disposal rather than in use, recovering and reusing them alters life cycle performance more than almost any other single intervention (Raymond et al., 2010). Green engineering priorities articulated by manufacturers placed separation and purification technology, including solvent recovery, among the highest-value research targets, on the reasoning that separations consume the majority of process energy and determine whether recovery is economically viable (Jiménez-González, Poechlauer, et al., 2011). Recent process development has pursued integration of recovery with product isolation, for example by coupling pervaporation with crystallisation so that organic solvent is recovered from aqueous process streams while simultaneously inducing nucleation of the dissolved product (Yin et al., 2025). Such integration is attractive because it converts a waste treatment operation into a productive one.
Recovery in regulated manufacture is nonetheless constrained in ways that recovery in bulk chemistry is not. Recovered solvent introduced into a process for a medicinal product must meet specifications for residual impurities, and cross-contamination between products manufactured in shared facilities is a quality risk that regulatory expectations treat seriously. The practical consequence is that recovery is most readily implemented within a dedicated process, least readily across a multi-product site, and that the purity specification rather than the separation technology frequently determines feasibility. This constraint is well understood by practitioners but is rarely represented in life cycle analyses, which tend to model recovery as a technical operation with an energy cost rather than as a quality operation with a specification.
7.2 Circular economy framing and its weak operationalisation
The circular economy concept entered pharmaceutical discussion from outside the sector, and it arrived without a settled definition. Analysis of the term across a large number of published definitions found substantial inconsistency, with many usages reducing circularity to recycling and comparatively few incorporating systemic change in production and consumption (Kirchherr et al., 2017). This definitional looseness has consequences in a manufacturing context, because a firm may describe an operation as circular on the basis of waste diversion from landfill while material value is destroyed through incineration.
Empirical evidence of circular practice within pharmaceutical organisations is limited and largely descriptive. A detailed account of one manufacturer's waste reduction programme found that the principal obstacles were measurement and employee engagement rather than technology, and that reported progress depended heavily on how waste categories were defined (Veleva et al., 2017). Supply-chain modelling of closed-loop pharmaceutical systems has produced inventory formulations that incorporate returns and recovery, but the models are theoretical and are parameterised with assumed rather than observed values (Suhandi & Chen, 2023). A review of sustainability research in the sector characterised the field as dominated by reputational and management perspectives, with limited engagement with the material flows that determine environmental outcome (Milanesi et al., 2020). The result is a literature in which circularity is discussed extensively and measured rarely.
Two structural features of pharmaceutical manufacturing limit circularity more than in other chemical sectors. The first is that product volumes are small relative to the diversity of materials used, so the economies of scale that make recovery viable in commodity chemistry are frequently absent. The second is that regulatory identity constraints prevent the substitution of a recovered material for a specified one without demonstrating equivalence. Both are genuine constraints rather than failures of intent, and proposals for pharmaceutical circularity that do not address them are unlikely to be implemented.
7.3 Emissions, supply-chain scope and burden displacement
Attention has shifted from process waste to greenhouse gas emissions, where the sector's position is less favourable than its self-perception. Analysis of reported emissions across the major manufacturers found the pharmaceutical sector to be more emissions-intensive per unit of revenue than the automotive sector, a finding that received attention because it contradicted the assumption that a low-tonnage, high-value industry must have a small climate footprint (Belkhir & Elmeligi, 2019). The analysis relied on self-reported disclosures of varying completeness and used revenue as the normalising denominator, which is sensitive to pricing rather than to physical output, so the magnitude of the finding is less secure than its direction. It nonetheless established that emissions intensity and mass intensity are not interchangeable measures of environmental performance.
The larger share of sector emissions arises upstream, in the production of intermediates, reagents and solvents by suppliers, and this is precisely the region excluded from conventional process mass intensity accounting. Industry perspectives now identify supply-chain emissions as the dominant unresolved problem and acknowledge that manufacturers lack the data to quantify them reliably, since suppliers rarely provide process-level inventory information and contractual relationships do not compel disclosure (Colberg et al., 2025). Early advocacy for sector-wide adoption of green chemistry anticipated this difficulty, arguing that improvement confined to the final manufacturing steps would deliver limited total benefit while the upstream supply base remained unexamined (Tucker & Faul, 2016). The intervening decade has confirmed the concern without resolving it.
Burden displacement is the recurring pattern across all three domains of this review. A route that eliminates a hazardous solvent may increase energy consumption; a continuous process that reduces plant footprint may increase the burden of specialised equipment manufacture; an enzymatic step that removes a precious metal may transfer burden into fermentation, enzyme production and immobilisation support; a computationally optimised process may transfer burden into computation. None of these transfers is necessarily unfavourable, but none can be evaluated within the accounting frameworks currently in use, because those frameworks are bounded at the plant gate and expressed in mass.
7.4 Environmental discharge, antimicrobial resistance and the governance gap
The environmental consequences of pharmaceutical manufacture extend beyond resource consumption to the discharge of active compounds. Monitoring of river catchments across a large number of countries detected active pharmaceutical ingredients on every inhabited continent and found concentrations exceeding thresholds of ecological or human health concern at a substantial share of sampled sites, with the highest concentrations associated with locations combining limited wastewater infrastructure with pharmaceutical production or disposal (Wilkinson et al., 2022). Manufacturing is not the dominant source of pharmaceutical residues globally, since excretion following patient use contributes more in aggregate, but manufacturing discharge produces the highest local concentrations and is therefore disproportionately important for effects that depend on concentration rather than on total load (Larsson, 2014).
Antibiotic manufacturing discharge is the clearest case. Concentrations downstream of production sites have been documented at levels far exceeding those arising from patient use, and such concentrations select for resistant organisms and for the mobilisation of resistance genes within environmental microbial communities (Larsson & Flach, 2022). Compound-specific concentration limits intended to prevent selection for resistance have been proposed on the basis of minimum inhibitory concentration distributions, providing a quantitative basis for regulation where none previously existed (Bengtsson-Palme & Larsson, 2016). Intergovernmental guidance has since been issued specifying targets and management practices for wastewater and solid waste from antibiotic manufacture, with the stated purpose of providing an independent scientific basis for the inclusion of such targets in binding instruments (World Health Organization, 2024). The guidance is not itself binding, and the gap between its publication and its incorporation into procurement requirements, inspection practice and national regulation is the operative constraint on its effect.
A complementary strategy addresses the problem at the design stage rather than at the point of discharge, by designing molecules that degrade after use into benign products while retaining therapeutic function during use. The argument for this approach has been made repeatedly in the context of water quality, on the reasoning that end-of-pipe treatment of highly dilute, structurally diverse micropollutants is thermodynamically and economically unattractive compared with designing for degradability (Kümmerer et al., 2018; Kümmerer, 2017). The evidence supporting feasibility remains limited to a small number of demonstrations, and the approach conflicts with metabolic stability requirements that drive potency and dosing frequency. It is best characterised as a plausible long-term direction with weak current evidence rather than as an available intervention.
8. Integration: Reinforcement and Conflict Across the Three Domains
The three domains examined here are frequently presented as complementary components of a single transition. The evidence supports partial complementarity and identifies specific conflicts.
Reinforcement is genuine in several places. Continuous processing supplies the operating regime in which photochemical and electrochemical activation become practical, and provides the reactor configuration in which immobilised enzymes can be used productively (Fitzpatrick et al., 2016; Thompson et al., 2019). Process analytical measurement supplies the data on which digital control and closed-loop optimisation depend, so that the digital domain is parasitic on instrumentation developed for quality purposes (Simon et al., 2015). Machine-learning-guided enzyme design addresses the development burden that constitutes the principal hidden cost of biocatalysis, so progress in the digital domain relaxes the binding constraint in the synthetic domain (Wen et al., 2025; Lv et al., 2026). Solvent recovery is more tractable in continuous processes with defined and constant stream compositions than in campaign-based batch operation. These interactions are mechanistically clear and, in the case of continuous biocatalysis, empirically demonstrated.
Conflict is equally real and less discussed. Continuous operation with telescoped steps reduces isolation and therefore reduces solvent consumption, but it also reduces the number of purification points at which impurities are rejected, which transfers burden onto analytical control and increases the consequence of an upset. Autonomous optimisation efficiently identifies conditions that maximise a specified objective, and where that objective is yield, the outcome may increase material intensity; multi-objective formulations address this in principle but require an environmental objective function that has not been agreed (Bennett et al., 2024). Circularity through solvent recovery favours the use of a small number of solvents in large quantities, whereas guide-based substitution favours matching each transformation to its optimal solvent, which fragments streams and impairs recovery. Mechanochemical elimination of solvent removes the mass term that dominates existing metrics, so the technology is rewarded disproportionately by process mass intensity while its energy consumption remains unmeasured (Ardila-Fierro & Hernández, 2021).
The common structure of these conflicts is that improvement is measured within a boundary and the burden moves outside it. This is not an argument against any of the technologies concerned but an argument for accounting frameworks that are wide enough to detect displacement. Table 5 sets out the principal contradictions identified across the reviewed evidence, the positions supported on each side, the most plausible explanation for the disagreement, and the study design that would resolve it. In most cases the disagreement is attributable not to conflicting data but to comparisons conducted under different boundaries, at different scales, or against different comparators.
Table 5. Principal unresolved contradictions in the evidence base, with plausible explanations and the evidence required for resolution.
	Contradiction
	Positions supported by evidence
	Most plausible explanation
	Evidence required for resolution
	Supporting references

	Whether continuous manufacturing is environmentally superior to batch
	Substantial reductions reported for specific transformations; negligible or negative benefit reported for slow reactions, solids handling and frequent changeover
	Comparator selection: continuous processes are frequently compared with laboratory batch procedures rather than optimised batch manufacture
	Paired comparisons at manufacturing scale against an optimised batch incumbent, with full energy and utility accounting
	Rogers & Jensen (2019); Baumann et al. (2020)

	Whether solvent substitution reduces total environmental burden
	Selection guides consistently rank alternatives as preferable; life cycle analyses find several promoted alternatives inferior once production and disposal are included
	System boundary: guides emphasise use-phase hazard, whereas life cycle assessment includes cradle-to-gate and end-of-life burdens
	Cradle-to-grave assessments of candidate substitutes under realistic recovery assumptions, reported alongside guide scores
	Byrne et al. (2016); Clarke et al. (2018); Hessel et al. (2022); Afanasenko et al. (2025)

	Whether reported improvement in process mass intensity reflects reduced total burden
	Benchmarking shows sustained reduction in reported intensity; sector emissions analysis and modality data indicate flat or worsening aggregate performance
	Boundary and portfolio effects: PMI excludes upstream supply and is not comparable across therapeutic modalities
	Portfolio-weighted reporting with disclosed modality composition and cradle-to-gate supply-chain inventory
	Benison & Payne (2022); Belkhir & Elmeligi (2019); Kekessie et al. (2024); Colberg et al. (2025)

	Whether biocatalysis is broadly applicable or restricted to favourable targets
	Manufacturing-scale successes across expanding enzyme classes; persistent restriction to high-value targets and long engineering campaigns
	Publication asymmetry: unsuccessful engineering campaigns and abandoned routes are not reported
	Registry-style reporting of attempted biocatalytic substitutions including failures, with development effort recorded
	Devine et al. (2018); Wu et al. (2021); Falcioni et al. (2025)

	Whether computational methods improve the sustainability of manufactured processes
	Optimisation and route-planning capability demonstrated convincingly; no measured environmental outcome for a manufactured process
	Outcome substitution: campaign efficiency is reported in place of process environmental performance
	Prospective studies in which route or conditions are selected computationally under an environmental objective and realised performance is measured
	Shields et al. (2021); Angello et al. (2022); Schwaller et al. (2022)

	Whether photochemical and electrochemical methods reduce environmental burden
	Elimination of stoichiometric reagents is well demonstrated; no manufacturing-scale life cycle comparison exists
	Energy source substitution is unaccounted, so reagent burden may be displaced into electricity generation
	Life cycle comparisons at pilot or manufacturing scale with explicit electricity grid assumptions and sensitivity analysis
	Kingston et al. (2020); Candish et al. (2022); Buglioni et al. (2022)


Note. PMI = process mass intensity. Contradictions are stated as they appear in the reviewed literature; the explanations offered are the most plausible identified during appraisal and are not established findings.
9. Future Directions
The priorities set out here are ordered by the extent to which resolving them would change decisions rather than by scientific interest. The first three are achievable within the current research and regulatory environment; the remainder require longer commitment.
The most immediate need is for comparative reporting that permits displacement to be detected. The evidence assembled in this review repeatedly shows improvement measured within a boundary that excludes the compensating burden. The remedy is not a new metric but a reporting convention requiring that mass intensity be reported alongside cumulative energy demand and a cradle-to-gate impact estimate, and that the comparator be identified as either an optimised manufacturing incumbent or a laboratory procedure. Such reporting is feasible with existing methods, since the required life cycle inventory approaches are established and have been applied to pharmaceutical processes (Raymond et al., 2010; Kaji et al., 2025). The obstacle is convention rather than capability, which makes this the priority with the highest ratio of benefit to cost. Journals and pre-competitive consortia are positioned to require it, and the metric literature has already identified the incompleteness that such a requirement would address (Sheldon et al., 2022; Becker et al., 2022).
The second priority is portfolio-adjusted benchmarking. Because process mass intensity is not comparable across therapeutic modalities, aggregate figures conceal both improvement and deterioration, and the shift towards peptides and oligonucleotides makes this problem more acute each year (Kekessie et al., 2024). Benchmarking should therefore report modality composition alongside intensity, and should establish separate reference ranges for each modality. The work required is organisational rather than scientific: existing benchmarking exercises already collect the necessary data, and the change concerns how those data are stratified and disclosed (Benison & Payne, 2022; Colberg et al., 2025).
The third priority is the registration of negative results in biocatalysis and in computational route design. The evidence in both domains is distorted by the absence of unsuccessful cases, which inflates apparent success rates and prevents estimation of the proportion of targets to which each approach applies (Devine et al., 2018; Schwaller et al., 2022). A pre-competitive registry recording attempted biocatalytic substitutions, including those abandoned, together with the development effort expended, would permit the first credible estimate of the applicability of biocatalysis across a development portfolio. The equivalent for computational route design would record proposed routes that failed experimentally. Both are achievable through existing consortium structures and require no new methodology.
The fourth priority concerns the technologies whose environmental case rests on mechanism rather than measurement. Photochemical, electrochemical and mechanochemical processing all require pilot-scale life cycle comparison against the incumbent process, conducted with explicit and varied assumptions regarding electricity generation, since the benefit of electrifying a chemical transformation depends on the carbon intensity of the electricity supply (Kingston et al., 2020; Candish et al., 2022). For mechanochemistry the specific requirement is standardised reporting of specific energy input per unit of product, which the discipline currently lacks, and a comparison of twin-screw extrusion against solid-phase synthesis for a defined peptide target, since that comparison addresses the modality with the poorest mass efficiency using equipment already established in pharmaceutical operations (Ardila-Fierro & Hernández, 2021; Daurio et al., 2025). These studies are demanding but bounded, and each would resolve a specific disagreement identified in Table 5.
The fifth priority is prospective demonstration that computational selection improves environmental outcome. The appropriate design is a study in which candidate routes to a defined target are generated computationally, ranked by a stated environmental objective incorporating predicted mass intensity and solvent hazard, and in which the selected route is developed to at least pilot scale with realised performance compared against the route that conventional development would have selected. Predictive tools capable of supporting such ranking exist, and the enabling optimisation methods are mature (Angelini et al., 2023; Taylor et al., 2023). The outcome measure should be realised process performance, not benchmark accuracy. A parallel requirement is that the computational energy expended be reported, so that the comparison is complete.
The sixth priority concerns the regulatory economics of process improvement. The asymmetry between pre-approval and post-approval change plausibly freezes commercial processes at the state of the art prevailing at approval, but the magnitude of the resulting foregone improvement has never been estimated. A retrospective analysis of a cohort of approved products, comparing the process in commercial use with the best available process at a later date, would quantify this and would indicate whether expedited regulatory pathways for environmentally motivated change are justified. The harmonised framework now available for continuous manufacturing demonstrates that regulatory adaptation to a new manufacturing paradigm is achievable, which strengthens the case for examining whether a comparable adaptation is warranted for process improvement more generally (ICH, 2022; Lee et al., 2015).
The seventh priority is longer in horizon. Supply-chain inventory data are the binding constraint on any credible assessment of sector environmental performance, and no technical solution will substitute for disclosure by intermediate suppliers (Colberg et al., 2025; Tucker & Faul, 2016). The most plausible route to such disclosure combines procurement requirements from purchasers of medicines with the precedent established by discharge guidance for antibiotic manufacture, which has already demonstrated that environmental conditions can be attached to pharmaceutical supply through non-regulatory instruments (World Health Organization, 2024; Larsson & Flach, 2022). Research is required to determine what inventory granularity is sufficient for decision-making, since demands for complete disclosure are unlikely to be met and partial data of known quality would be more useful than complete data that never arrive.
Finally, the design of active pharmaceutical ingredients for environmental degradability after use warrants sustained investigation despite its current weak evidence base, because it addresses a burden that no manufacturing improvement can reach (Kümmerer et al., 2018). The immediate research requirement is not further advocacy but empirical determination of whether therapeutic potency and post-excretion degradability can be reconciled across a meaningful range of pharmacological targets, which requires systematic study rather than the accumulation of individual demonstrations.
10. Conclusions
The evidence assembled here supports a differentiated rather than uniform assessment of environmental progress in pharmaceutical manufacturing. Confidence is strongest for biocatalysis, where mechanistic plausibility, manufacturing-scale demonstration and independent confirmation across multiple enzyme classes converge, and where the resulting processes have replaced precious-metal and stoichiometric chemistry in commercial production. The qualification attaching to this conclusion concerns applicability rather than effect: the proportion of synthetic targets amenable to biocatalytic substitution cannot be estimated from a literature that records successes and omits failures.
Confidence is moderate for solvent-related interventions and for continuous processing. Solvent selection guides agree at the extremes and diverge in the intermediate range where most decisions are made, and several solvent classes promoted as inherently benign perform less well once their production and disposal are included. Continuous processing delivers substantial benefit for fast, hazardous or transfer-limited chemistry and little or none elsewhere; the general superiority sometimes claimed for it is an artefact of comparison against laboratory batch procedures rather than against optimised batch manufacture.
Confidence is weak for the environmental claims made on behalf of photochemical, electrochemical and mechanochemical activation, and for those made on behalf of computational methods. In the first group the mechanistic argument is sound but no manufacturing-scale life cycle comparison has been published, and the benefit of electrification depends on an electricity supply whose carbon intensity is rarely stated. In the second, capability is convincingly demonstrated, yet the reported outcomes concern the efficiency of development campaigns rather than the environmental performance of manufactured processes, and the energy consumed by computation is not accounted for anywhere in the literature examined. These are gaps in evidence rather than evidence of absent benefit, and the distinction matters for how research effort should be directed.
Circular production remains largely synonymous with solvent recovery. Recovery is well founded, materially significant and constrained in regulated manufacture by purity specification and cross-contamination risk rather than by separation technology. Beyond solvents, circularity in this sector is discussed far more often than it is measured, and the structural obstacles, small volumes relative to material diversity and regulatory constraints on material identity, are genuine rather than attitudinal.
A single problem underlies these assessments. Improvement is measured within boundaries that exclude the burdens most likely to be displaced. Mass-based metrics have driven real gains and remain the most practical instruments available, but they omit energy, hazard and upstream production, they conventionally begin at the registered starting material, and they are not comparable across therapeutic modalities. The consequence is that reported improvement is compatible with unchanged total burden, and that the sector cannot at present demonstrate the aggregate progress its individual case studies suggest.
The broader significance is that the constraint on environmental progress in this sector has shifted. For two decades the limiting factor was synthetic capability, and the response was the development of catalytic, enzymatic and intensified methods that have substantially expanded what can be manufactured cleanly. The limiting factors now are measurement that detects displacement, disclosure that extends beyond the plant gate, and regulatory pathways that do not penalise improvement after approval. These are institutional rather than chemical problems, and they will not be resolved by further methodological innovation alone.
11. Limitations
This review is a narrative synthesis and carries the limitations intrinsic to that design. Although the search concepts, sources, eligibility criteria and appraisal criteria were specified in advance and are reported above, selection of sources was purposive rather than exhaustive, and judgement was exercised at every stage regarding which findings were representative and which disagreements were material. Another reviewer applying the same criteria to the same literature could reasonably reach different emphases, particularly regarding the weight assigned to industrial perspectives relative to primary research. The confidence levels attached to conclusions are qualitative characterisations arrived at by structured judgement, not the output of a validated grading instrument.
Access to literature was incomplete. Subscription-based abstract and citation indexes were not available during preparation, so retrieval depended on a scholarly metadata registry, targeted web-based searching and institutional repositories. This combination provides broad coverage of records possessing persistent identifiers but is weaker for material indexed principally in specialist subject databases, for conference literature and for regionally published work. Coverage of research published in languages other than English is limited by the language restriction applied, which is likely to have under-represented process chemistry conducted in the jurisdictions where a substantial share of global active pharmaceutical ingredient production occurs. Full-text access was not available for every source considered, and records that could not be verified were excluded rather than cited, which may have removed relevant evidence along with unreliable evidence.
The evidence base itself imposes limitations that no review design can overcome. Process chemistry publishes successful demonstrations, so the literature systematically over-represents favourable outcomes and provides no basis for estimating how frequently an approach fails. Industrial perspectives and benchmarking exercises rest on data self-reported by participating organisations and cannot be independently audited. Comparative studies rarely state whether the comparator is an optimised manufacturing process or a laboratory procedure, which limits interpretation of reported improvements. Study designs, functional units and system boundaries vary so widely that quantitative synthesis was not possible, and no pooled estimate of any effect is offered here.
Geographical and temporal constraints also apply. The literature reflects the research priorities and regulatory environments of a small number of jurisdictions, and evidence from the regions responsible for much of global intermediate and active ingredient production is comparatively sparse. Several of the domains reviewed, particularly computational route design, autonomous experimentation and machine-learning-guided enzyme design, are developing rapidly, so conclusions regarding their maturity are provisional and specific to the search period stated. Long-term operational evidence is scarce throughout: most reported demonstrations describe performance over campaigns of limited duration, and the durability of environmental gains under sustained commercial operation is largely unexamined.
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