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Abstract
The circular bioeconomy reframes agricultural residues and organic by-products as strategic resources for climate mitigation, soil restoration, and input substitution. This critical review examines three high-leverage pillars—residue recycling, biochar systems, and climate-oriented management of organic amendments—through agronomic, environmental, and implementation lenses. We first synthesize how shifting residues from open burning and unmanaged decay toward aerobic composting, anaerobic digestion with contained storage, and in-field retention can reduce methane, nitrous oxide, and particulate emissions while returning stabilized carbon and nutrients to soils. We then evaluate biochar as a durable carbon sink that also modulates soil processes affecting non-CO₂ gases, water retention, and nutrient efficiency; attention is given to feedstock logistics, pyrolysis conditions, and the co-benefits and trade-offs of energy co-products. Finally, we assess composts, manures, and digestates as climate tools, emphasizing timing, placement, and carbon-to-nitrogen management that align yield goals with lower emission intensity.	Comment by User: Too long sentences
Across pathways, credible climate accounting depends on life-cycle system boundaries that include avoided emissions, process energy, transport, and product displacement, alongside robust treatment of additionality, leakage, and permanence. We review emerging measurement, reporting, and verification approaches suitable for farms, cooperatives, and regional programs, and propose practical indicators to support transparent carbon claims. Implementation requires enabling infrastructure and policy: modular processing, quality standards, incentives that reward verified outcomes, and advisory services that translate carbon metrics into agronomic decisions. Equity considerations are central; smallholders need access to equipment, finance, and simplified MRV, with benefits visible as improved soil function and yield stability.
The review identifies five priorities to accelerate progress: context-specific response functions that predict when and where each pathway performs best; integrated management of residues and water in flooded systems; digestate processing and delivery methods that minimize gaseous losses; harmonized durability and uncertainty treatment for biochar; and longitudinal socio-economic evidence on adoption, labor, and air-quality gains where burning is displaced. Overall, circular bioeconomy strategies can deliver meaningful, verifiable mitigation while enhancing soil health and resilience. Realizing this potential hinges on integrating agronomy with rigorous accounting and on aligning finance and policy with the practical realities of farms and supply chains.
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1. Introduction
1.1. Rationale and conceptual framing
The circular bioeconomy positions biological resources and by-products as inputs to regenerative loops that minimize virgin resource use, waste, and emissions across production systems. In agriculture, this framing reclassifies crop residues, manures, and processing by-products as climate-relevant assets that can substitute fossil-intensive inputs, restore soil function, and cut greenhouse-gas (GHG) emissions when managed with appropriate technologies and measurement, reporting, and verification (MRV). Conceptually, it builds on the circular economy paradigm—closing material and energy loops to reduce throughput—while extending it to biogenic carbon cycles and land-based sinks (Geissdoerfer et al., 2017; Kirchherr et al., 2017). Recent perspectives argue that agriculture’s circular bioeconomy will scale where policy and markets reward verified environmental outcomes alongside resource efficiency and farm profitability (Khanna et al., 2024). 
1.2. Climate problem and mitigation levers in farming
Agriculture’s non-CO₂ gases—methane (CH₄) and nitrous oxide (N₂O)—arise from microbial pathways sensitive to oxygen status, substrate supply, and nitrogen (N) management, making residue and organic-matter handling pivotal to mitigation. Three intervention pillars dominate recent evidence. First, diverting residues from open burning and unmanaged anaerobic decay toward controlled aerobic composting reduces CH₄ and N₂O when aeration, moisture, and carbon-to-nitrogen (C:N) ratios are well managed (Nordahl et al., 2023). Second, re-routing wet organic streams through anaerobic digestion (AD) captures biogas while returning nutrients via digestate; climate outcomes depend on tight containment to avoid fugitive CH₄ and agronomic placement of digestate to limit N losses (Launay et al., 2022). Third, in rice and other flooded systems, integrating residue strategies with water management (for example, non-continuous flooding) is decisive for CH₄ control (Qian et al., 2023). Complementing these, biochar—produced by pyrolysis of biomass—offers a durable carbon sink that can also modulate soil conditions affecting N₂O and nitrate (NO₃⁻) leaching (Lehmann et al., 2021; Borchard et al., 2019). 
1.3. Why a critical review now
Deployment activity is accelerating: new syntheses quantify biochar’s carbon-removal potential and abatement costs at national scales; meta-analyses refine our understanding of how composts, digestates, and biochar affect non-CO₂ gases; and MRV methods are increasingly codified for inventories and carbon programs. For example, a spatially explicit assessment in China estimates a very large negative-emissions potential for biochar under sustainable feedstock supply and realistic logistics, highlighting both opportunity and the need for integrity safeguards (Deng et al., 2024). At the same time, systematic reviews of composting document strong process-control leverage on emissions (Nordahl et al., 2023), while residue-focused meta-analyses clarify when and how residue incorporation elevates or mitigates N₂O—and which management choices reverse that effect (Abalos et al., 2022). A global dataset now aggregates 891 biochar experiments across soils and climates, enabling context-specific inferences about yields, soil properties, and GHG responses (Li et al., 2024). Finally, a recent synthesis ranks organic-matter strategies for N₂O mitigation, underscoring the strong role of material quality (e.g., high C:N) and the context dependence of outcomes (Valkama et al., 2024). Together, these advances warrant a critical, integrative appraisal that bridges agronomy, carbon accounting, and policy design. 
1.4. Scope, boundaries, and definitions used in this article
This review focuses on three high-leverage pathways within farm and near-farm boundaries: (i) residue recycling—composting, AD with digestate utilization, and agronomic in-field retention that explicitly displaces open burning; (ii) biochar systems—from feedstock sourcing and pyrolysis to field application and durability; and (iii) climate-oriented management of organic amendments—composts, manures, and digestates—optimized for yield and emission intensity. We adopt life-cycle boundaries that (a) credit durable carbon storage (e.g., biochar’s long residence time relative to uncharred biomass), (b) include process energy and transport, (c) account for avoided emissions (e.g., displaced open burning, reduced mineral fertilizer manufacture, captured manure CH₄), and (d) recognize energy co-products (biogas; pyrolysis heat/power). We emphasize integrity conditions—additionality, leakage, double counting, and permanence—because these determine whether mitigation is real and financeable. For biochar accounting, we reference the empirically grounded Greenhouse Gas Inventory model and the associated scientific synthesis that link mitigation claims to measurable material properties (e.g., H/C_org) and application contexts (Woolf et al., 2021; Lehmann et al., 2021). 
1.5. Objectives and contributions
The objective of this article is threefold. First, we synthesize peer-reviewed evidence from the past decade on the mitigation performance of residue recycling, biochar, and organic-amendment strategies, with attention to agronomic co-benefits and trade-offs. Second, we critically evaluate life-cycle and MRV considerations that determine environmental integrity and creditability, clarifying how boundaries and baselines shape results. Third, we translate the science into decision-relevant guidance—identifying contexts where each pathway performs best, highlighting enabling policies and infrastructure, and outlining a near-term research agenda to close priority evidence gaps. Throughout, we avoid mathematical formalism and instead emphasize operational levers and verifiable indicators that practitioners, programs, and policymakers can adopt. The intended contribution is a consolidated, practice-aware evidence base that helps align farm management, carbon accounting, and policy in pursuit of a high-integrity circular bioeconomy in farming (Khanna et al., 2024; Qian et al., 2023; Nordahl et al., 2023; Abalos et al., 2022; Li et al., 2024; Valkama et al., 2024; Woolf et al., 2021; Lehmann et al., 2021).
1.6. Methods for literature selection
This article is a critical narrative review based primarily on peer-reviewed journal literature. We identified studies through structured searches in Web of Science, Scopus and Google Scholar between 2010 and mid-2024, supplemented by targeted snowballing from reference lists of key syntheses. Search strings combined terms for the three focal pathways (“compost*”, “aerobic composting”, “anaerobic digestion”, “digestate”, “crop residue*”, “straw return”, “biochar”) with terms describing climate and soil outcomes (“greenhouse gas*”, “methane”, “nitrous oxide”, “soil organic carbon”, “life cycle assessment”, “MRV”, “carbon credit*”, “carbon market*”) and farming systems (“agricultur*”, “cropland”, “rice”, “smallholder”). Search queries were adapted for each database to capture both empirical and synthesis work. We prioritised meta-analyses, systematic reviews, large datasets and life-cycle assessments, alongside field-scale and longer-term experiments that reported quantitative outcomes for greenhouse-gas fluxes, soil organic carbon, yields, or air-quality co-benefits. Engineering and laboratory studies were included where they clarified process-level controls (e.g., composting dynamics, pyrolysis conditions, leak detection and repair) or informed measurement, reporting and verification (MRV) design; conference abstracts, non-peer-reviewed reports and purely conceptual pieces were generally excluded. The primary focus was agriculture and near-farm systems; studies from forestry or municipal waste management were retained only when their methods or findings were clearly transferable to farm-level circular bioeconomy interventions. The review is restricted to English-language publications. Where evidence is geographically or system-wise uneven, we explicitly acknowledge those gaps in later sections and avoid generalising beyond the contexts represented in the underlying studies.
2. Circular bioeconomy pathways and system boundaries
2.1. Purpose and scope of this section
This section defines the three mitigation-relevant pathways emphasized in this article—residue recycling, biochar systems, and climate-oriented organic amendments—and specifies the system boundaries, baselines, and accounting choices needed to compare them on a common, decision-relevant footing. It complements the Introduction by translating the circular bioeconomy concept into operational categories, clarifying what flows to include (emissions, energy, materials), how to credit co-products and avoided impacts, and which durability and additionality conditions determine whether claimed climate benefits are robust and financeable (Khanna et al., 2024; Woolf et al., 2021; Lehmann et al., 2021). 
2.2. Pathways and core processes
Residue recycling, as used here, covers aerobic composting, anaerobic digestion (AD) with controlled storage and field use of digestate, and in-field retention that explicitly displaces open burning or unmanaged decay. Composting’s climate profile is governed by aeration, moisture, porosity, and carbon-to-nitrogen management, which together shape methane, nitrous oxide, and ammonia fluxes (Nordahl et al., 2023). AD captures biogas from wet organic streams but requires tight containment to avoid fugitive methane and agronomic timing/placement of digestate to minimize downstream gaseous losses (Launay et al., 2022). In flooded systems such as rice, residue handling interacts strongly with water management, so mitigation assessments must treat them jointly (Qian et al., 2023). Biochar systems convert a portion of biomass carbon into aromatized structures with long residence times; their mitigation logic combines durable carbon storage with effects on non-CO₂ gases and possible energy co-products (Lehmann et al., 2021). 
2.3. Functional unit, reference system, and counterfactuals
Comparing pathways requires a clearly defined functional unit (e.g., “per tonne of dry residue managed” or “per hectare per season”) and an explicit reference system describing what would otherwise happen to the same biomass and nutrients. Classic biochar and residue life-cycle assessments show that results pivot on counterfactual fates—open burning, unmanaged anaerobic decay, combustion for energy, or landfilling—as well as on what products are displaced (heat, electricity, mineral fertilizers) (Roberts et al., 2010; Peters et al., 2015). For rice systems, where most emissions are methane, the baseline must represent prevailing flooding practices; otherwise, mitigation from residue or biochar interventions may be overstated if water management changes are assumed implicitly rather than credited transparently (Qian et al., 2023). 
2.4. System boundaries and included flows
Cradle-to-farm-gate system boundaries should include feedstock mobilization and transport; preprocessing and storage; conversion (composting or pyrolysis or digestion) with all process emissions; product conditioning, transport, and field application; and end-of-life where relevant. Accounting must cover direct greenhouse gases (CO₂, CH₄, N₂O), precursor emissions affecting air quality, energy and material inputs, and changes in soil carbon. For biochar, boundaries also include the durable carbon stored in soils or materials and the energy/heat co-products from pyrolysis; these elements are captured in current inventory models designed for national inventories and carbon programs (Woolf et al., 2021). Composting boundaries must capture how process control shifts methane and nitrous oxide, and whether any additives (e.g., structural bulking, biochar) lower losses during stabilization (Nordahl et al., 2023). 
2.5. Co-products, substitution credits, and allocation choices
Circular bioeconomy interventions generate multiple functions: stabilized organic amendments that displace mineral fertilizers; renewable energy from biogas or pyrolysis; and durable carbon storage where biochar is produced and applied. Life-cycle studies have long shown that how one treats these co-products—system expansion via substitution credits versus allocation among outputs—can flip the sign and magnitude of net benefits (Roberts et al., 2010; Peters et al., 2015). Transparent reporting should therefore state which reference technologies are displaced (e.g., grid electricity mix, marginal fertilizer production) and use sensitivity analysis to bracket results. In practice, substitution methods are preferable when a clear market displacement exists, whereas allocation may be warranted when co-products serve diffuse or non-energy functions. 
2.6. Baselines, additionality, leakage, and double counting
Integrity depends on conservative baselines that reflect locally prevalent practices and realistic adoption constraints. For residue management, meta-analysis indicates that simple incorporation can elevate nitrous oxide, but specific practices—co-application with high-C:N materials, shallow incorporation, or pre-treatment via digestion or pyrolysis—can reverse this effect; such evidence should inform baseline and project scenarios (Abalos et al., 2022). Additionality requires demonstrating that interventions are not mandated nor common practice, while leakage assessments must consider displacement of residues to competing uses. Double counting can arise if the same avoided burning is credited both in waste and in agriculture or if energy displacement is claimed by multiple actors; explicit reference systems, as in recent inventory and LCA studies, help prevent this (Woolf et al., 2021; Roberts et al., 2010). 
2.7. Permanence and durability of stored carbon
Biochar’s distinct contribution lies in its extended residence time relative to uncharred biomass. Synthesis across soils and climates shows that aromaticity and related material properties (e.g., H/C_org) underpin centennial-to-millennial persistence, justifying durable storage credits when biochar is placed in soils or materials; however, programs must guard against over-crediting by using conservative decay parameters and discounting where uncertainty is high (Lehmann et al., 2021). Inventory models provide parameterizations to translate measured or specified material properties into persistence estimates and to integrate them with supply-chain emissions (Woolf et al., 2021). 
2.8. Data needs and MRV implications
Operational MRV should prioritize a small set of high-leverage inputs that drive variance in results. For composting and AD, these include aeration/mixing regimes, moisture, temperature histories, storage times, and fugitive-methane controls; for biochar, fuel/energy use, reactor conditions, yields, and measured or specified quality parameters feed persistence and agronomic effect modules (Nordahl et al., 2023; Woolf et al., 2021). Where emissions emerge from strongly interactive systems—such as residue handling in flooded rice—MRV should link management records to water-table dynamics to avoid misattribution and to ensure that co-mitigation from irrigation changes is credited transparently (Qian et al., 2023). Emerging syntheses and datasets aggregating hundreds of biochar experiments provide priors to parameterize local guidance while uncertainty is narrowed by site-specific monitoring (Li et al., 2024). 
2.9. Implications for the rest of the article
By fixing pathway definitions, reference systems, and accounting rules, this section establishes the common frame used in the remainder of the review to compare mitigation leverage, co-benefits, and costs across residue recycling, biochar, and organic-amendment strategies. Subsequent sections therefore interpret effect sizes and policy options only within these explicit boundaries, with attention to additionality, leakage, and durability as central criteria for scientific validity and market credibility (Deng et al., 2024; Khanna et al., 2024). 
3. Residue recycling: composting, digestion, and in-field retention
This section evaluates three principal residue-recycling pathways—thermophilic composting, anaerobic digestion with land application of digestate, and in-field retention of crop residues—through the lens of climate mitigation, nutrient cycling, and agronomic co-benefits. Our objective is to synthesise recent evidence on greenhouse-gas (GHG) fluxes, air-quality externalities, nutrient conservation, and practical design levers that determine performance at field and farm scale. We emphasise management choices that consistently reduce methane (CH₄) and nitrous oxide (N₂O) without compromising soil organic carbon (SOC) accrual or yields, and we flag operational trade-offs and measurement, reporting and verification (MRV) implications for program design (Nordahl et al., 2023; Abalos et al., 2022).
3.1 Composting: design levers, emissions profiles and nutrient conservation
Composting stabilises heterogeneous organics into a humified, pathogen-safe amendment, but it is also an active source of GHGs and air pollutants if mismanaged. A recent critical review shows that the dominant climate forcing during composting depends on feedstock: CH₄ tends to dominate for yard wastes under anoxic microzones, while N₂O dominates for nitrogen-rich wastes such as manures and mixed municipal organics; ammonia (NH₃) and volatile organics also matter for air quality (Nordahl et al., 2023). Management levers that repeatedly lower emissions include maintaining porosity and oxygen supply (e.g., adequate bulking and turning), optimising moisture (to avoid both desiccation and waterlogging), and using forced aeration judiciously—with the caveat that aggressive aeration can increase NH₃ if not paired with capture/acidification strategies (Nordahl et al., 2023).
Carbon-smart amendments can shift this balance. Co-composting with wood-derived biochar has emerged as a robust option to suppress CH₄ “hot spots,” adsorb NH₃, and improve pile aeration and thermal stability, delivering lower process-stage GHG intensity and higher nitrogen retention in the finished compost (Harrison et al., 2022; Gao et al., 2023). Field application of biochar co-compost, compared to compost alone, has been shown to reduce cumulative soil-stage CO₂-equivalent emissions per unit biomass produced, while improving water-holding capacity and plant growth, indicating climate benefits that persist beyond the windrow (Gao et al., 2023). These findings suggest two practical rules for climate-aligned composting: first, design the pile (C:N, porosity, moisture) to minimise anoxia; second, if feasible, co-compost a moderate fraction of high-surface-area biochar to both lower process emissions and produce an agronomically efficient amendment (Harrison et al., 2022; Gao et al., 2023; Nordahl et al., 2023).
From an MRV standpoint, reported emission factors span orders of magnitude because small differences in aeration, moisture, and feedstock reactivity cascade into large changes in CH₄ and N₂O. Programs therefore need to either enforce performance-based operating conditions (e.g., moisture windows, bulking targets, minimum oxygen levels) or adopt tiered factors that reflect site-specific controls such as biochar co-composting and covered/forced-aeration systems (Nordahl et al., 2023).
3.2 Anaerobic digestion and land application of digestate
Anaerobic digestion (AD) converts easily degradable carbon in residues and manures into biogas, displacing fossil energy while reducing the potential for CH₄ during storage and field application of raw manures. However, system-level benefits depend on controlling “non-intentional” methane—diffuse leaks (“methane slip”) from digesters, gas handling and storage—that can erode or even negate climate gains (Baldé et al., 2022). Tracer-release and open-path measurements at full-scale biogas facilities show that fugitive emissions vary widely across plants, underscoring the need for rigorous leak detection and repair (LDAR), covered storages, and tight gas utilisation chains as integral parts of climate-credible AD deployment (Baldé et al., 2022).
On the nutrient side, digestate is more mineral-N rich (especially ammonium) and thus more plant-available than the parent feedstock, but also more prone to NH₃ loss if surface-applied under warm, alkaline conditions. Proven mitigation options include immediate incorporation/injection, use of acidified digestate, and application under cool, humid conditions. Full-scale acidification of pig slurry/digestate has demonstrated simultaneous reductions in NH₃ and CH₄ during storage and after spreading, translating into more nitrogen conserved for crops and lower climate impacts (Lemes et al., 2022). Systems reviews further conclude that AD—when combined with good storage and field practices—can deliver agronomic and environmental benefits with manageable risks related to contaminants, provided digestate quality is monitored and application is matched to crop demand (Ma et al., 2022).
Coupling AD with cover-crop biomass as a winter feedstock can strengthen circularity: energy cover crops introduce an additional C/N-rich stream without competing for food land and allow nutrients to be recycled back via digestate in the main season. Evidence indicates such systems can reduce nitrate leaching, enhance microbial activity, and maintain or increase SOC when digestate is managed to minimise gaseous losses (Launay et al., 2022). In short, AD offers high mitigation potential where: (i) fugitive CH₄ is tightly controlled, (ii) digestate is injected/incorporated promptly or acidified, and (iii) nutrient recycling is aligned with crop phenology (Baldé et al., 2022; Lemes et al., 2022; Ma et al., 2022; Launay et al., 2022).
3.3 In-field retention and incorporation of residues
Returning residues to fields—through surface mulching or incorporation—remains the most direct circular practice for building SOC and improving soil physical resilience. A 2023 global synthesis reported mean SOC stock gains of ~3.7 Mg C ha⁻¹ under straw return, with efficiency governed by straw-C input, duration, and management context; co-benefits are amplified under no-till and crop rotations (Li et al., 2023). At the same time, biochemical and microclimatic conditions following residue addition can stimulate nitrifier-denitrifier pathways, raising N₂O emissions—on average by 40–50% versus residue removal across studies—especially for high-N, low C:N residues, fine particle sizes, and wetter soils (Abalos et al., 2022). These trade-offs do not imply abandoning residue retention; rather, they call for pairing residue strategies with N₂O-focused controls: retain surface structure and aeration (reduced tillage), avoid over-mineralisation of N by moderating residue size or mixing with high-C amendments (e.g., biochar or mature compost), time additional N inputs to crop uptake, and maintain soil water below prolonged saturation (Abalos et al., 2022).
Rice systems deserve specific attention because continuous flooding favours methanogenesis while residue management strongly modulates seasonal CH₄ pulses. A recent state-of-the-science review confirms that switching from continuous flooding to non-continuous schemes (e.g., safe alternate wetting and drying) and refraining from straw incorporation just before flooding can substantially reduce CH₄ without yield penalties when water control is sound; integrated packages that adjust water, residue, and nitrogen management outperform single levers (Qian et al., 2023). Where residue retention is pursued for SOC and soil health, managers can shift timing (remove or compost straw for return after peak CH₄ periods, or digest straw and return digestate with low readily fermentable C), thereby maintaining circularity while mitigating methane (Qian et al., 2023; Abalos et al., 2022).
Agronomically, residue return (mulch or incorporation) contributes to yield stability through improved moisture availability, nutrient cycling and aggregate stability, with new evidence showing positive effects on rice and other cereals when residue practices are tuned to local soils and seasons (Shen et al., 2024; Li et al., 2023). The climate-smart version of in-field retention is therefore a package: keep residues, but modulate particle size, combine with high-C stabilising amendments where feasible, synchronise mineral N and water with crop demand, and avoid saturated conditions that drive CH₄ and N₂O bursts (Abalos et al., 2022; Qian et al., 2023).
3.4 Synthesis: choosing the right pathway for climate-smart circularity
Across pathways, three themes repeat. First, oxygen management is decisive: composting and in-field retention both benefit from practices that prevent anoxia (bulking/turning; maintaining soil structure and avoiding prolonged saturation), while AD intentionally removes oxygen but must contain methane tightly. Second, nitrogen form and timing govern N₂O and NH₃: co-composting and acidification conserve N; digestate injection/incorporation and cool-season application reduce NH₃; careful N timing curbs N₂O when residues are returned. Third, context matters: residue quality, climate, soils, and water control set the baseline; climate-positive outcomes arise when management is tailored to those constraints (Nordahl et al., 2023; Abalos et al., 2022; Qian et al., 2023; Launay et al., 2022).
Operationally, farms seeking maximal mitigation within a circular bioeconomy can: (i) divert the most labile, wet, N-rich streams (e.g., manures, fresh grass cuttings) into AD or biochar co-composting to avoid high CH₄/N₂O during composting or field decomposition; (ii) return stabilised carbon and conserved nutrients via biochar co-composts and properly managed digestate; and (iii) retain or re-apply crop residues in the field with water and nitrogen controls that suppress N₂O and CH₄. This blended portfolio tends to outperform any single practice on climate, soil, and yield metrics when MRV and operating discipline are in place (Harrison et al., 2022; Gao et al., 2023; Abalos et al., 2022).
4. Biochar systems: durability, mechanisms, and trade-offs
This section evaluates biochar as a carbon-sequestration and soil-management option within circular farm bioeconomies, with emphasis on (i) carbon durability and mitigation logic; (ii) soil and crop responses, including non-CO₂ gases; (iii) synergies when biochar is integrated with organics (e.g., composts/digestates); (iv) production pathways and quality metrics that govern performance; (v) environmental trade-offs and safeguards; (vi) life-cycle climate accounting and energy co-products; (vii) agronomic design (rates, placement, co-applications); and (viii) measurement, reporting and verification (MRV). The objective is to synthesize recent peer-reviewed evidence into design principles that maximize climate benefits while minimizing risk under field conditions.
4.1 Carbon durability and the mitigation logic
The core mitigation claim of biochar rests on converting a portion of short-lived biomass carbon into polyaromatic structures that resist decomposition for centuries to millennia, thereby slowing its return to the atmosphere after application to soils. A global meta-analysis of decomposition experiments shows centennial-scale mean residence times for biochar carbon and only small, often negative, priming of native soil organic matter (SOM) mineralization (overall mean −3.8%)—evidence that biochar can add to net soil C stocks rather than merely replacing them (Wang et al., 2016). Laboratory and long-term incubations confirm that durability rises with increasing aromatic condensation and lower hydrogen-to-carbon (H/C_org) and oxygen-to-carbon (O/C_org) atomic ratios, which are shaped by feedstock and pyrolysis conditions (Singh et al., 2012; Spokas, 2010; Tomczyk et al., 2020).  Recent synthesis articles further position biochar within negative-emission portfolios by clarifying when durable carbon storage, co-benefits, and system emissions deliver net removals (Lehmann & Joseph, 2021; Woolf et al., 2021). Region-scale analyses (e.g., China) suggest substantial technical potential when production is aligned with sustainable feedstock supply and agronomic demand (Deng et al., 2024). 
4.2 Soil processes, yields, and non-CO₂ gases
Biochar modifies soils via pH buffering, increased cation exchange and surface area, and aggregation, with responses governed by texture, climate, and initial fertility (Tomczyk et al., 2020). Field-focused syntheses consistently report positive, though context-dependent, crop responses: tropical and acidic soils tend to benefit most; temperate, fertile soils less so (Jeffery et al., 2016; Ye et al., 2020). On non-CO₂ gases, meta-analyses show that biochar frequently reduces soil N₂O emissions, with effect sizes linked to material properties (notably low H/C_org) and diminishing over time as surfaces age (Cayuela et al., 2015; Borchard et al., 2019). In flooded systems, biochar can lower CH₄ emissions by improving aeration or altering methanogenesis, although effects vary with redox and amendment strategy (Jeffery et al., 2016). Microbiome-level meta-analyses suggest biochar alters bacterial community composition with limited effects on the relative abundance of major phyla, implying that greenhouse-gas responses are mediated more by substrate availability, pH, and electron shuttling than wholesale microbial shifts (Xu et al., 2023).
4.3 Co-composting and organic integrations
Integrating biochar with manures or green-waste composts can stabilize nitrogen, suppress gaseous losses during composting, and “charge” biochar surfaces with nutrients and microbial metabolites prior to soil application. Controlled trials and process-level studies report significant reductions in ammonia and nitrous-oxide losses and faster composting when biochar—particularly oxidized or high-surface-area materials—is mixed into piles (Harrison et al., 2022; Gao et al., 2023). Co-composted biochars often produce stronger agronomic responses than the same char applied alone, consistent with improved nutrient availability and early-season plant access to N (Gao et al., 2023). 
4.4 Production pathways and quality metrics
Biochar quality is determined by feedstock (woody vs. manure vs. crop residues) and thermochemical pathway (slow pyrolysis, gasification, hydrothermal carbonization), which together control aromaticity, ash, pH, surface functionality, and contaminant profiles (Tomczyk et al., 2020). Peer-reviewed indicators used in durability/MRV frameworks include low H/C_org and O/C_org ratios, which correlate with condensed aromatic structures and longer persistence (Spokas, 2010; Singh et al., 2012). Empirically, high-temperature chars (≥ 600 °C) typically exhibit H/C_org < 0.2 and O/C_org < 0.4, signaling high recalcitrance; lower-temperature chars retain more labile moieties and show greater short-term nutrient interactions (Tomczyk et al., 2020). 
4.5 Environmental trade-offs and safeguards
Thermal conversion can form polycyclic aromatic hydrocarbons (PAHs) and, depending on inputs, concentrate potentially toxic elements (PTEs). Multi-feedstock surveys show slow-pyrolysis biochars generally contain low total and very low bioavailable PAHs, with higher risks for gasification chars; elevated PAHs decline with appropriate temperature and residence-time control (Hale et al., 2012). Heavy-metal risks are primarily a concern when using sludge- or waste-derived feedstocks; careful selection, co-pyrolysis with lignocellulosics, and compliance with agronomic quality thresholds mitigate leaching hazards (Zhou et al., 2017; Mohamed et al., 2023). Agronomically, biochar can raise soil pH and, in some acidic soils, transiently increase NH₃ volatilization unless co-applied with organic N or used at appropriate rates (Sha et al., 2019). These risks are manageable design variables rather than inherent flaws when production and application follow best practice.
4.6 Life-cycle accounting and energy co-products
Systemwide climate benefits depend on (i) the fraction of feedstock carbon stabilized as durable char; (ii) avoided emissions from alternative residue fates (e.g., burning, unmanaged decomposition); (iii) energy recovery (syngas/pyrolysis oil displacing fossil fuels); and (iv) soil GHG responses post-application. Landmark LCAs show that well-designed slow-pyrolysis systems can deliver net negative emissions when co-generated heat is utilized and transport is optimized (Roberts et al., 2010; Peters et al., 2015). Updated syntheses emphasize that governance (feedstock sustainability, siting, monitoring) is as decisive as reactor efficiency in determining whether biochar functions as a durable removal or merely a lower-carbon waste treatment (Shrestha et al., 2023; Woolf et al., 2021). 
4.7 Agronomic design: rates, placement, and co-applications
Field evidence suggests the greatest yield and nutrient-use efficiency gains occur in low-pH, nutrient-poor, or drought-prone soils, often at 5–20 t ha⁻¹ when co-applied with manure or fertilizers (Ye et al., 2020; Jeffery et al., 2016). Biochar’s mitigation of N₂O is strongest when chars exhibit low H/C_org and are integrated into systems where nitrification/denitrification “hot moments” can be buffered—e.g., with composted or digestate-blended materials and synchronization with irrigation (Cayuela et al., 2015; Harrison et al., 2022). In flooded rice, surface incorporation that improves redox heterogeneity can reduce CH₄, although responses vary and should be validated locally (Jeffery et al., 2016).
4.8 MRV and market integrity
Emerging MRV frameworks link measurable properties (e.g., H/C_org, fixed carbon, R50 thermal recalcitrance indices) and site conditions to modeled decay rates for greenhouse-gas inventorying and crediting (Woolf et al., 2021). Continual improvement is needed to reconcile proxy metrics with long-term field persistence and to capture co-benefits and leakage within LCAs (Lehmann & Joseph, 2021; Wang et al., 2016).
5. Organic amendments (composts, manures, digestates) managed for climate outcomes
5.1. Rationale and contrasts among materials
Organic amendments are central to circular bioeconomy strategies because they return biogenic carbon and nutrients to soils while displacing portions of mineral fertiliser demand. Yet their climate performance hinges on material properties that control nitrogen (N) transformations and carbon (C) persistence. Composts typically contain more humified C, higher C:N ratios, and lower ammoniacal N (TAN) than raw manures or digestates, which can dampen short-term nitrification–denitrification and volatilisation. Digestates, by contrast, often have elevated pH, high TAN, and less labile C (post-methanogenesis), traits that sharpen risks of ammonia (NH₃) loss shortly after field application and, under certain moisture regimes, of nitrous oxide (N₂O) formation (Pedersen & Hafner, 2023; Li et al., 2024). 
5.2. N₂O outcomes: what the latest syntheses say
Across European field trials, a recent meta-analysis found that organic matter (OM) inputs as a class produced only a modest average N₂O reduction (~10%), but material identity mattered: compost reduced N₂O by ~25%, whereas digestate responses were variable and often neutral to adverse; mitigation strengthened with higher C:N of the OM input (threshold ~20–30) (Valkama et al., 2024). In sandy or more alkaline soils, the N₂O-mitigating effect of compost weakened, underscoring site specificity (Valkama et al., 2024). 

Controlled experiments that directly compared digestate with urea fertiliser reported substantially higher N₂O from digestate across moisture levels and soil types, although the nitrification inhibitor DMPP suppressed digestate-derived N₂O by 73–99%—a strong signal that process-level management can flip outcomes (Li et al., 2024). Field studies tracing labelled N similarly show digestate can prime N₂O formation depending on feedstock and timing (Häfner et al., 2021). 
Compost composition also matters: incubation work indicates that composts with high NH₄⁺–N and low C:N can raise N₂O, whereas more mature, higher-C:N composts tend to mitigate; soil texture and mineral N pools modulate these effects (Liyanage et al., 2022). 


5.3. NH₃ volatilisation: managing the “first 24 hours”
NH₃ losses are typically largest within hours after spreading and scale with TAN concentration, pH, temperature, wind, and the degree of contact with air. Because digestate commonly has higher TAN and pH than undigested slurry, its NH₃ emission potential is often greater unless mitigated. A systematic review concludes that application technique (injection/banding vs splash-plate), rapid incorporation, and acidification are the most powerful levers to cut NH₃ from digestate in the field (Pedersen & Hafner, 2023). Full-scale studies show that acidifying slurries to around pH 5–6 can markedly depress NH₃ fluxes; in housing and storage systems such acidification also curbs methane (CH₄), offering co-benefits (Overmeyer et al., 2023; Lemes et al., 2022). Emerging field data suggest shallow injection of liquid-separated, anaerobically digested manure reduces NH₃ while maintaining yields (Sigdel et al., 2025). 
5.4. Carbon outcomes and nutrient cycling co-benefits
Repeated manure or compost applications are a proven route to build soil organic carbon (SOC), with meta-analyses showing consistent SOC gains relative to mineral fertiliser alone. These gains are strongest where initial SOC is low and where manure is allocated to crop phases with low ley proportion—conditions that also improve nutrient use efficiency (Maillard & Angers, 2014; Gross & Glaser, 2021; Joona et al., 2024). SOC accrual improves structure and water retention, which can indirectly moderate N₂O by reducing denitrification hot moments after rainfall. 
5.5. Nitrate leaching: a frequently overlooked climate lever
Because composted materials typically release N more slowly than mineral fertilisers, they can lower nitrate (NO₃⁻) leaching risk—an important climate co-benefit given the energy costs of fertiliser replacement and the downstream N₂O formation in aquatic systems. A synthesis in North American systems reported that dairy manure frequently reduced NO₃⁻ losses compared to urea, especially when combined with timely incorporation and appropriate rates (O’Brien et al., 2019). 
5.6. Putting it together: design rules for climate-smart organics
Taken together, the evidence suggests a tiered management approach. Where the goal is near-term N₂O mitigation with minimal NH₃ loss, favour mature, higher-C:N composts applied at agronomic N rates and avoid co-applications that deliver excess mineral N. When using digestates for circularity and nutrient recovery, treat them as high-risk, high-reward fertilisers: prioritise cool, moist (but not saturated) conditions; adopt low-emission placement (injection or rapid incorporation); consider acidification; and deploy nitrification inhibitors or co-amendments where soils and seasons predispose to N₂O. Across materials, align application with crop N demand, pair with cover crops to “harvest” residual mineral N, and monitor outcomes through both agronomic and gas-flux lenses. The climate dividends of organics are real but contingent—won by matching amendment chemistry to site hydrology, soil texture, and operational timing (Valkama et al., 2024; Pedersen & Hafner, 2023; Li et al., 2024).



6. Greenhouse-gas accounting, MRV, and integrity in carbon markets
6.1 Purpose and scope
This section defines what counts as climate benefit in circular bioeconomy farming systems and how those benefits should be measured, reported, and verified (MRV) so that credits (if issued) reflect real, additional, and durable mitigation. We focus on residue recycling (composting and digestion), biochar systems, and organic amendments, covering boundary setting, baseline selection, leakage and double counting, permanence, uncertainty management, and third-party verification. We synthesize advances in soil-carbon MRV (Smith et al., 2020), biochar accounting (Woolf et al., 2021; Lehmann et al., 2021), and cross-sector evidence on carbon-credit integrity (Oldfield et al., 2022; Badgley et al., 2022; Probst et al., 2024), and translate them to operational guidance for farm-scale projects and aggregated programs. 
6.2 What to count: sources, sinks, and co-products
Comprehensive accounting requires tracking three components: (i) stock changes in soil and biomass carbon (e.g., SOC accrual); (ii) non-CO₂ fluxes (N₂O, CH₄) from soils and waste management; and (iii) energy and material co-products that displace fossil emissions (e.g., heat/electricity from digestion; surplus heat from pyrolysis). Established life-cycle assessments (LCAs) for biochar demonstrate that the net balance depends on both stable carbon addition and avoided emissions from substituted energy and waste pathways (Roberts et al., 2010; Peters et al., 2015). For composting and digestion, CH₄ and N₂O dominate the footprint if systems are poorly controlled, underscoring the need for process-level MRV (Nordahl et al., 2023; Bakkaloglu et al., 2022). 
6.3 System boundaries and baselines
Boundaries should be cradle-to-farm-gate at minimum, with attribution rules for upstream feedstock logistics and downstream co-products. Counterfactual baselines must reflect plausible, regionally specific practices absent the project, not aspirational best practice or regional averages that mask selection effects. Rigorous work has shown that lenient or unrepresentative baselines systematically over-credit projects; although much of this evidence comes from forestry and energy offsets, the same logic applies to agricultural credits (Badgley et al., 2022; Probst et al., 2024; West et al., 2023). For soil-carbon projects, Oldfield et al. (2022) recommend regionally consistent, transparent baselines and explicit accounting for non-CO₂ gases to ensure net GHG removal. 
6.4 Permanence, durability, and reversal risk
Permanence is a spectrum across practices. Biochar offers century-scale carbon persistence when produced at appropriate temperatures and applied to soils, shifting projects from short-lived storage to geochemically durable removal (Lehmann et al., 2021; Woolf et al., 2021). By contrast, SOC gains from organics and in-field residue retention can be reversed by management or climate shocks; crediting should therefore apply discounting, conservative baselines, and robust buffer pools sized to empirically observed reversal risks (Probst et al., 2024). Methodologies must also debit any CH₄/N₂O increases that erode the permanence value of SOC gains. 
6.5 Measurement strategies: direct sampling, modeling, and hybrid approaches
Direct SOC measurements through depth-explicit, repeated sampling remain the gold standard but are costly and statistically demanding. A tiered approach—combining well-designed sampling (power analysis, paired plots, depth to ≥30–60 cm), spectroscopic proxies calibrated to local soils, and process models for temporal interpolation—offers the most credible path at program scale (Smith et al., 2020). For biochar, method-ready factors link biochar elemental ratios and application rates to expected net GHG outcomes, enabling consistent crediting across soils and climates (Woolf et al., 2021). 
6.6 Capturing non-CO₂ emissions: composting and digestion
Because CH₄ leakage and N₂O spikes can dominate waste-to-resource pathways, MRV must include direct measurements at emission hotspots. Reviews and measurement campaigns reveal that a small number of high-emitting sites (“super-emitters”) can account for a large share of biogas/biomethane supply-chain CH₄, and that digestate handling is a critical stage (Bakkaloglu et al., 2022). Comparative studies show convergent estimates across mobile plume, tracer, and lidar techniques when protocols are standardized (Hrad et al., 2022). For composting, synthesis of 388 emission factors shows CH₄ often drives the 100-year warming impact unless aeration, moisture, and C:N are tightly managed, with NH₃ control as a parallel air-quality co-benefit target (Nordahl et al., 2023). 
6.7 Additionality, leakage, and double counting
Additionality requires evidence that practices would not occur absent credit revenue; otherwise credits enable no net mitigation. Empirical meta-assessments across credit types find low “offset achievement ratios” due to baseline inflation and developer discretion (Probst et al., 2024). Agricultural projects are not exempt: protocols must address activity leakage (e.g., residue diversion increasing fertilizer use elsewhere) and market leakage (e.g., commodity price responses), and must prevent double claiming by aligning project-level credits with national inventory accounting (Oldfield et al., 2022; Kreibich & Hermwille, 2021). 
6.8 Verification and uncertainty management
Verification should report quantified uncertainty on both SOC change and non-CO₂ fluxes and apply conservative deductions when confidence intervals overlap zero. Smith et al. (2020) propose a global MRV architecture integrating benchmark sites, harmonized sampling, and model evaluation; this directly supports transparent uncertainty statements. For project methodologies, conservative estimators and guardrails against parameter gaming are recommended, along with standardized leakage deductions and reversal-risk buffers calibrated to empirical disturbance data (Probst et al., 2024; West et al., 2023). 
6.9 Why biochar accounting looks different
Compared to SOC accrual from organics alone, biochar projects can credibly claim durable carbon storage plus avoided emissions from substituted waste and energy pathways. Updated inventory factors and parameterizations enable implementation from farm to national scales, provided feedstock provenance, pyrolysis conditions, and end-use are documented (Woolf et al., 2021). Integrating these methods with LCA avoids double counting and clarifies the distinct roles of removals (stable C in biochar) versus reductions (e.g., displaced fossil energy), aligning projects with high-integrity credit criteria (Lehmann et al., 2021; Roberts et al., 2010; Peters et al., 2015). 
6.10 Market integrity and program design
High-integrity agricultural credits require standardized baselines, mandatory non-CO₂ accounting, robust permanence provisions, and transparent uncertainty deductions. The literature documents systemic over-crediting across multiple project types and highlights the dangers of flexible, developer-friendly assumptions (Badgley et al., 2022; Probst et al., 2024). Programs should therefore restrict eligibility to project types with demonstrably high additionality and verifiable outcomes, favor regionally consistent protocols, and mandate public data disclosure sufficient for independent replication (Oldfield et al., 2022; Kreibich & Hermwille, 2021). 
7. Scaling, policy, and economics
7.1 Incentives and carbon markets
The rapid emergence of biochar carbon credits illustrates both opportunity and risk. Scientific accounting methods now exist, but programs must align crediting with conservative durability metrics, robust baselines (including alternative residue fates), and leakage safeguards. Aligning MRV with life-cycle thinking—crediting energy co-products and avoided emissions while transparently discounting uncertainties—improves environmental integrity and investor confidence (Woolf et al., 2021; Lehmann et al., 2021). 
7.2 Infrastructure, logistics, and enabling conditions
Circular strategies are system solutions. Composting and AD need reliable feedstock logistics, odor and vector control, and markets for stabilized products. Biochar deployment requires decentralized or hub-and-spoke pyrolysis capacity, quality control, and agronomic advisory services that tailor rates and co-applications to local soils. Economic analyses of the circular bioeconomy in agriculture emphasize policies that (i) price carbon, (ii) reward ecosystem services, and (iii) de-risk capital for distributed infrastructure—especially where farm-level benefits (e.g., fertilizer savings, stress resilience) accrue slowly (Khanna et al., 2024). 
7.3 Equity and smallholders
For smallholders, residue-to-value strategies must fit labor calendars, equipment access, and cash-flow realities. Modular pyrolysis integrated with community composting or AD cooperatives can reduce per-ton costs and expand access to credits, but only if MRV systems are simplified and digitalized without sacrificing rigor—an active area for standards development. Public extension that links credit revenues to visible agronomic outcomes (water-holding capacity, pH correction, nutrient efficiency) will be critical to legitimacy and adoption.
8. Evidence gaps and research priorities
A high-integrity circular bioeconomy in farming now hinges less on “whether” these pathways can mitigate and more on “when, where, and how” they do so most reliably. First, context-specific response functions are still coarse: yield, N₂O, and CH₄ outcomes vary with soil texture, pH, climate, and amendment chemistry, but scalable guidance that predicts performance under field heterogeneity remains limited despite new global datasets (Li et al., 2024; Valkama et al., 2024). Second, methane dynamics in flooded systems require factorial field trials that jointly vary residue handling, water regimes, and nitrogen management to resolve contradictory biochar and straw effects across seasons and soils (Qian et al., 2023). Third, for organics, the agronomy of digestate—separation, acidification, injection, and inhibitor use—needs replicated comparisons across soil–climate clusters to quantify N₂O and NH₃ trade-offs under practical schedules (Valkama et al., 2024). Fourth, composting science has identified strong process-control levers, but standardized emission-factor tiers and performance benchmarks suitable for MRV and crediting are not yet universally adopted (Nordahl et al., 2023). Fifth, durability and accounting require tighter linkage between measurable biochar quality (e.g., H/C_org) and long-term field persistence, coupled with LCAs that transparently credit or debit co-products and counterfactuals (Lehmann et al., 2021; Woolf et al., 2021). Sixth, supply-chain “super-emitters” in biogas/biomethane systems call for mandatory leak detection and repair protocols, quantification methods harmonization, and integration of these data into project baselines (Bakkaloglu et al., 2022). Finally, MRV architectures must pair depth-resolved SOC sampling with conservative modeling and uncertainty deductions, align farm-level crediting with national inventories, and report non-CO₂ gases alongside SOC to prevent over-crediting (Smith et al., 2020; Oldfield et al., 2022).
9. Conclusions
Across farming systems, a circular bioeconomy turns residues and organic by-products from liabilities into climate assets. This review shows that three pillars—residue recycling, biochar, and climate-oriented organic amendments—can deliver meaningful, verifiable mitigation when designed and measured as full systems rather than isolated practices. Composting provides stabilized carbon and nutrients if piles are kept aerobic, moisture is balanced, and nitrogen is conserved; anaerobic digestion captures energy from wet streams, but its climate value hinges on tight methane containment and low-loss digestate application. In-field retention remains the most direct route to rebuild soil organic carbon, yet requires attention to residue quality, nitrogen timing, and water management to avoid nitrous-oxide and methane trade-offs. Biochar is distinctive because it adds geochemically durable carbon storage while often improving soil function and lowering non-CO₂ emissions; the strongest results arise when biochar is integrated with composts or digestates and tailored to soil constraints. High-integrity accounting underpins all three pillars. Credible outcomes demand explicit counterfactuals, cradle-to-farm-gate boundaries, and simultaneous tracking of soil carbon, non-CO₂ fluxes, and energy co-products. Permanence, additionality, leakage, and quantified uncertainty are not afterthoughts but design criteria that determine whether credits mobilize real mitigation. On the ground, success depends on logistics and equity: modular infrastructure, quality standards, and advisory services that let smallholders participate, backed by incentives that reward measured performance rather than prescribed inputs. Taken together, the evidence supports a pragmatic playbook: divert the wettest, most labile streams to digestion or biochar-assisted composting; return stabilized materials to fields with low-loss placement; deploy biochar where soils are acidic, drought-prone, or nitrogen-inefficient; and embed all actions in transparent MRV. With these principles, circular farming can cut emissions, store carbon durably, and improve resilience while supporting viable rural economies. Future efforts should prioritize open data, standardized protocols, and inclusive finance to accelerate credible, large-scale, globally equitable deployment.
10. Limitations
Despite the breadth of evidence reviewed, several limitations constrain the precision and generality of our conclusions. Many studies are short term, plot scale, or conducted under controlled conditions, which weakly represent multi-year, operational realities where weather variability, feedstock heterogeneity, and management drift shape outcomes. Reported effect sizes for soil carbon, nitrous oxide, and methane often reflect specific soils, climates, and amendment chemistries; transferring these results across regions or seasons can be unreliable. Measurement gaps persist: depth-limited soil sampling, sparse tracking of non-CO₂ gases, and inconsistent monitoring of ammonia and nitrate losses complicate full greenhouse-gas balances. Life-cycle assessments are sensitive to boundary choices, counterfactuals, and allocation rules, so small assumption changes can flip net benefits. Supply-chain uncertainties—fugitive methane from digestion, logistics emissions, and variable energy displacement—remain undercharacterized at scale. Quality and safety risks, including contaminants in certain feedstocks and biochars, are unevenly monitored, and agronomic responses can be confounded by co-applied inputs. Economic and equity dimensions are incompletely captured: cost curves, financing frictions, and labor constraints for smallholders are rarely quantified alongside climate outcomes. Finally, crediting environments evolve rapidly; methodology updates and market volatility can outpace published evidence, limiting the durability of programmatic guidance inferred from current literature.
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