


A Review of Energy Pellet Production from Agricultural Waste for Reducing Fossil Fuel Consumption
Abstract
The global transition towards sustainable energy systems necessitates the exploration of renewable alternatives to fossil fuels. Agricultural waste represents a substantial yet underutilised resource for bioenergy production, with energy pellet manufacturing emerging as a promising pathway for converting these residues into standardised, high-energy-density solid fuels. This comprehensive review examines the current state of knowledge regarding energy pellet production from agricultural waste, encompassing feedstock characteristics, pelletisation technologies, pretreatment methods, quality parameters, environmental implications, and techno-economic considerations. This review was conducted through a comprehensive search of peer-reviewed literature using established academic databases, including Web of Science, Scopus, Google Scholar, and PubMed. Agricultural residues, including cereal straws, corn stover, rice husks, sugarcane bagasse, and various crop processing by-products, demonstrate considerable potential for pellet production when appropriately processed. The review critically analyses the influence of feedstock properties such as moisture content, particle size distribution, and chemical composition on pellet quality attributes including mechanical durability, bulk density, and calorific value. Advanced pretreatment technologies, particularly torrefaction and hydrothermal processing, are evaluated for their capacity to enhance pellet characteristics and combustion performance. Life cycle assessment studies indicate that agricultural waste-derived pellets can achieve substantial greenhouse gas emission reductions compared to fossil fuel alternatives, though the magnitude of these benefits depends significantly on supply chain configurations and processing methodologies. The co-firing of biomass pellets with coal in existing thermal power plants represents a pragmatic near-term strategy for emission mitigation whilst maintaining energy security. Despite promising developments, several challenges persist, including feedstock variability, seasonal availability constraints, logistical complexities, and the need for supportive policy frameworks. This review identifies research gaps and provides recommendations for advancing agricultural waste pelletisation as a viable contributor to global decarbonisation efforts.
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1. Introduction
The biomass pellet market and use scenario have become a vital part of the energy sector and thus are evolving continuously at a faster rate. The production of pellets can significantly replace traditional household biomass demand and improve environmental and health quality. However, the production and use of pellets are limited due to technical, financial, social and policy issues (Mawusi et al., 2023). The contemporary global energy landscape is characterised by an urgent imperative to transition away from fossil fuel dependence towards sustainable, low-carbon alternatives. Over 86% of global energy consumption continues to rely on traditional fossil fuels, which emit pollutants such as sulphur dioxide, nitrogen oxides, polycyclic aromatic hydrocarbons, carbon monoxide, and carbon dioxide, thereby exacerbating environmental degradation and contributing substantially to anthropogenic climate change (Zhu et al., 2025). The Intergovernmental Panel on Climate Change has emphasised with high confidence that bioenergy deployment can lead to either increased or reduced emissions, depending on the scale of deployment, conversion technology, fuel displaced, and the manner in which biomass is produced (Tran et al., 2023). Consequently, the scientific community and policymakers have intensified efforts to identify and develop renewable energy pathways that can meaningfully contribute to decarbonisation objectives whilst maintaining energy security and economic viability. To mitigate the environmental impacts and protect human health, transitioning to renewable energy sources such as wind, solar, geothermal, and biomass is considered one of the most promising solutions to reduce dependence on fossil fuels. Among these, bioenergy has become the world’s fourth-largest energy source, following oil, coal, and natural gas, accounting for an estimated 11.6% of global final energy consumption, or 44 exajoules (EJ), with more than half of this coming from renewable sources. Some practices have proven that utilizing crop straw for biomass-pellet production can not only alleviate rural energy poverty but also contribute significantly to rural development and sustainable agricultural practices (Deng et al., 2025).
Bioenergy has emerged as the fourth-largest energy source globally, following oil, coal, and natural gas, accounting for an estimated 11.6% of global final energy consumption, equivalent to approximately 44 exajoules, with more than half originating from renewable sources (Zhu et al., 2025). Among the various bioenergy pathways, the production of solid fuel pellets from biomass has attracted considerable attention owing to their advantageous properties, including high energy density, low moisture content, uniform physical characteristics, and efficient combustion performance. The global biomass pellets market was valued at approximately 12.3 billion United States dollars in 2024 and is projected to reach 24.7 billion dollars by 2034, reflecting a compound annual growth rate of 7.2% (Market.us, 2025). This substantial market expansion underscores the growing recognition of biomass pellets as a viable contributor to renewable energy portfolios.
Agricultural activities generate enormous quantities of residues annually, presenting both environmental challenges and energy opportunities. According to estimates from the Food and Agriculture Organization of the United Nations, global agricultural production yields hundreds of millions of tonnes of crop residues each year, a significant proportion of which remains underutilised or is disposed of through environmentally detrimental practices such as open-field burning (Sileshi et al., 2025). In 2019 alone, approximately 458 million tonnes of crop residue were burnt globally, resulting in 1,238 kilotonnes of methane and 32 kilotonnes of nitrous oxide emissions (Sileshi et al., 2025). Beyond direct atmospheric pollution, such burning practices eliminate opportunities for value addition and contribute to soil nutrient depletion through the near-complete loss of organic carbon and nitrogen, alongside substantial losses of phosphorus, potassium, and sulphur.
The conversion of agricultural waste into energy pellets offers a compelling solution that addresses multiple sustainability objectives simultaneously. Pelletisation transforms heterogeneous, bulky agricultural residues into uniform, energy-dense solid fuels with enhanced handling, storage, and transportation characteristics (Pradhan et al., 2018). The densification process substantially increases bulk density, typically achieving values exceeding 600 kilograms per cubic metre, thereby dramatically reducing logistics costs and facilitating integration into existing energy infrastructure (Phuttaro et al., 2024). Furthermore, agricultural waste-derived pellets can substitute for fossil fuels in diverse applications, including residential heating, industrial process heat, and electricity generation through dedicated combustion or co-firing with coal.
The European Union has established itself as a global leader in biomass pellet utilisation, driven by stringent environmental regulations and ambitious renewable energy targets. The region's well-established infrastructure and mature biomass markets continue to drive high pellet demand, particularly for district heating and power generation applications (Straits Research, 2025). Similarly, the Asia-Pacific region has witnessed rapid growth in biomass pellet adoption, with countries such as Japan, South Korea, and China implementing policies to promote bioenergy integration into their energy systems. India, for instance, has mandated that coal-fired thermal power plants co-fire biomass pellets at ratios of 5% from fiscal year 2024-25, increasing to 7% from fiscal year 2025-26, reflecting a broader global trend towards utilising biomass as a bridge fuel for decarbonisation (Market.us, 2025).
Despite the promising potential of agricultural waste pelletisation, significant technical, economic, and policy challenges remain. Agricultural residues exhibit considerable heterogeneity in their physical and chemical properties, presenting difficulties for standardised pellet production. The seasonal availability of crop residues creates supply chain complexities, whilst competing uses such as animal feed, soil amendment, and industrial applications constrain the quantities available for energy purposes. Moreover, the techno-economic viability of pellet production varies substantially depending on feedstock characteristics, processing technologies, and market conditions. A comprehensive understanding of these factors is essential for developing effective strategies to scale up agricultural waste pelletisation as a meaningful contributor to fossil fuel displacement.
1.1 Scope and Objectives
This review article aims to provide a comprehensive synthesis of current knowledge regarding energy pellet production from agricultural waste as a strategy for reducing fossil fuel consumption. The scope encompasses the entire value chain from feedstock characterisation through processing technologies to end-use applications and environmental implications. The primary objectives are to critically evaluate the technical parameters influencing pellet quality and production efficiency; to assess the environmental sustainability of agricultural waste pelletisation through examination of life cycle assessment studies; to analyse the role of pretreatment technologies in enhancing pellet characteristics; to examine the potential for biomass pellet co-firing in existing thermal power infrastructure; to identify economic considerations and policy frameworks supporting or constraining market development; and to highlight research gaps and future directions for advancing this field. By synthesising evidence across these dimensions, this review seeks to inform researchers, practitioners, and policymakers regarding the current state and future potential of agricultural waste pelletisation for sustainable energy production.
2. Methods for Literature Selection
This narrative review was conducted through a comprehensive search of peer-reviewed literature using established academic databases, including Web of Science, Scopus, Google Scholar, and PubMed. The search strategy employed combinations of keywords including 'agricultural waste', 'biomass pellets', 'pelletisation', 'agricultural residue', 'bioenergy', 'torrefaction', 'co-firing', 'life cycle assessment', 'greenhouse gas emissions', 'fossil fuel replacement', and 'renewable energy'. The primary search period encompassed publications from 2005 to 2026, ensuring capture of both foundational research and recent advances in the field. Additionally, relevant earlier publications of historical significance were included where they provided essential context or seminal contributions to understanding.
Inclusion criteria required that articles be published in peer-reviewed journals with established impact factors, written in English, and directly relevant to agricultural waste utilisation for pellet production or closely related topics such as biomass processing, bioenergy systems, or environmental assessment of solid biofuels. Reports from authoritative governmental and intergovernmental organisations, including the Food and Agriculture Organization of the United Nations, the International Energy Agency, and the International Renewable Energy Agency, were also considered, where they provided relevant data or policy context. Exclusion criteria eliminated conference abstracts without full papers, non-peer-reviewed grey literature, trade publications without scientific rigour, and studies focusing exclusively on woody biomass without relevance to agricultural residues.
This review adopts a narrative rather than a systematic approach for several reasons. The interdisciplinary nature of agricultural waste pelletisation spans agricultural science, chemical engineering, environmental science, energy economics, and policy studies, rendering a traditional systematic review protocol challenging to implement comprehensively. The heterogeneity of research methodologies, outcome measures, and feedstock types across studies precludes meaningful quantitative synthesis or meta-analysis. Furthermore, a narrative approach permits the integration of technical, economic, environmental, and policy dimensions into a coherent synthesis that informs both academic understanding and practical implementation. Approximately 150 publications were initially identified, with subsequent screening reducing this to 42 articles that met the inclusion criteria.
3. Agricultural Waste as Feedstock for Pellet Production
3.1 Global Availability and Distribution
Agricultural activities worldwide generate vast quantities of residues with significant bioenergy potential. Research indicates that approximately 774 million tonnes of crop residue are generated annually in India alone, with a surplus quantity of approximately 228 million tonnes available after accounting for competing uses such as animal feed, soil mulching, and manure applications (Mohanty & Kumar, 2024). At the global scale, integrated assessments suggest that bioenergy potentials from agricultural land could range from 64 to 161 exajoules per year by 2050, depending on climate impacts, agricultural yields, and dietary patterns (Haberl et al., 2011). These estimates underscore the substantial resource base available for pellet production, though they also highlight the importance of carefully considering competing demands and sustainability constraints.
The spatial distribution of agricultural residues correlates closely with patterns of crop production, creating distinct regional profiles of feedstock availability. Cereal crops, including wheat, rice, maize, and barley, contribute approximately two-thirds of global fibrous crop residue production, with additional contributions from oilseed crops, pulses, sugarcane, and various horticultural residues (FAO, 2021). Sub-Saharan Africa, Southeast Asia, and Latin America possess particularly substantial untapped bioenergy potential from agricultural residues, though infrastructure limitations and competing resource demands create challenges for large-scale utilisation (IRENA, 2023). In contrast, European and North American regions benefit from more developed collection and processing infrastructure, facilitating higher utilisation rates despite lower total residue availability per capita.
3.2 Types and Characteristics of Agricultural Residues
Agricultural residues suitable for pelletisation encompass a diverse array of materials with varying physical and chemical properties. Field residues, comprising the aboveground biomass remaining after crop harvest, include cereal straws from wheat, rice, barley, and oats, as well as stalks from maize, sorghum, and millet. Processing residues generated during agricultural product transformation include rice husks, groundnut shells, coconut shells, sugarcane bagasse, palm kernel shells, and various fruit processing wastes. Each category exhibits distinctive characteristics that influence pelletisation behaviour and final product quality (Tumuluru et al., 2021).
Cereal straws represent the most abundant category of agricultural residues globally and have received considerable research attention for pellet production. Wheat straw, for instance, contains approximately 35-40% cellulose, 25-30% hemicellulose, and 15-20% lignin on a dry basis, with ash contents typically ranging from 5-10% depending on growing conditions and harvesting practices (Kaliyan & Morey, 2009). The relatively low lignin content of cereal straws compared to woody biomass presents challenges for pellet durability, as lignin serves as a natural binding agent during the densification process. Rice straw exhibits similar compositional profiles but with notably higher silica content, which contributes to increased ash formation during combustion and potential slagging and fouling issues in combustion equipment (Said et al., 2013).
Maize stover, comprising stalks, leaves, cobs, and husks remaining after grain harvest, constitutes the second largest agricultural cash crop residue globally in terms of area planted (Zhu et al., 2025). The heterogeneous nature of maize stover, with anatomically distinct plant parts possessing different chemical compositions, necessitates careful consideration of blending ratios and processing parameters. Corn cobs, in particular, demonstrate favourable characteristics for pelletisation, including relatively high lignin content and lower ash compared to stalk materials. Research has demonstrated that processing corn stalk into biomass pellets for heating can reduce heating costs by approximately 254.26 United States dollars per hectare whilst simultaneously reducing emissions of sulphur dioxide, nitrogen oxides, carbon monoxide, particulate matter, and carbon dioxide (Zhu et al., 2025).
Sugarcane bagasse and leaves represent important feedstocks in tropical and subtropical regions with significant sugar industries. Studies conducted on sugar industry by-products in Thailand have investigated pelletising behaviour using sugarcane straw, bagasse, and filter cake, finding that the moisture content of approximately 20% wet basis was optimal for pelletisation, with specific energy consumption ranging from 144.28 to 197.85 watt-hours per kilogram (Phuttaro et al., 2024). Blending formulations of 90% bagasse with 10% filter cake, or 93.5% bagasse with 5% sugarcane leaves and 1.5% filter cake, yielded pellets with bulk densities exceeding 600 kilograms per cubic metre and durability indices of at least 97.5%, meeting quality standards for commercial applications.
High-lignin agricultural residues from drupe crops, including coconut shells, mango endocarps, and stone fruit pits, offer particularly attractive characteristics for bioenergy applications. Global analysis has demonstrated that exploiting such high-lignin feedstocks from existing production systems has a bioenergy production potential of 4.1-5.2 × 10⁸ gigajoules per annum (Mendu et al., 2012). The elevated lignin content of these materials confers superior energy density, enhanced mechanical strength during pelletisation, and optimal energy-to-weight returns applicable to small-scale gasification for bioelectricity generation. Coconut shell, with an estimated annual global production of 13.1 million tonnes, represents the largest contributor within this category.
4. Pelletisation Technology and Process Parameters
4.1 Principles of Biomass Densification
Biomass pelletisation operates through the principle of mechanical densification, whereby ground biomass particles are compressed through cylindrical die channels under high pressure, resulting in the formation of compact cylindrical pellets. The process relies fundamentally on the activation of natural lignin and other binding components within the biomass through the combined effects of pressure, temperature, and friction generated during extrusion through the die (Tumuluru et al., 2021). As material passes through the die, frictional heating raises the temperature sufficiently to soften lignin, which acts as a thermoplastic binder that fuses particles upon cooling. This natural binding mechanism eliminates the requirement for synthetic adhesives in most applications, resulting in a purely biomass-derived product.
The densification process substantially transforms the physical properties of agricultural residues. Raw agricultural biomass typically exhibits bulk densities of 40-200 kilograms per cubic metre, presenting significant challenges for storage, handling, and transportation. Through pelletisation, bulk densities are increased to 550-700 kilograms per cubic metre, representing improvements of three to fifteen fold depending on feedstock characteristics (Pradhan et al., 2018). This densification dramatically enhances volumetric energy density, reduces transportation costs per unit energy, and facilitates automated handling in combustion systems designed for coal or wood pellets. Additionally, the uniform cylindrical geometry of pellets enables consistent fuel feeding and combustion behaviour.
4.2 Equipment Types and Configurations
Two principal categories of pellet mill equipment dominate commercial applications: flat die mills and ring die mills. Flat die pellet mills employ a horizontally oriented perforated plate through which rollers press feedstock material, extruding pellets downward by gravity. These systems are characterised by relatively simple construction, lower capital costs, and ease of operation and maintenance, making them well-suited for small to medium-scale operations and decentralised processing applications. However, flat die mills typically achieve lower throughput capacities and may exhibit higher specific energy consumption compared to ring die alternatives (Chen et al., 2022).
Ring die pellet mills utilise a rotating cylindrical die with multiple rows of radial die channels through which feedstock is pressed by stationary or counter-rotating rollers positioned inside the ring. The centrifugal forces generated during rotation assist material flow and pellet ejection, enabling higher production capacities suitable for industrial-scale operations. Ring die mills predominate in large commercial pellet manufacturing facilities, with individual units capable of producing several tonnes per hour. The die geometry, characterised by the length-to-diameter ratio of die channels, significantly influences pellet quality and production efficiency, with higher ratios generally improving pellet density and durability but increasing energy consumption and die wear (Tumuluru, 2018).
4.3 Critical Process Parameters
Moisture content represents perhaps the single most critical parameter influencing pelletisation success and pellet quality. Optimal moisture levels facilitate particle flow, enhance inter-particle bonding through hydrogen bond formation, and promote lignin softening during compression. However, excessive moisture inhibits binding, reduces pellet durability, and increases energy requirements for subsequent drying. Research across diverse agricultural feedstocks consistently identifies optimal pelletisation moisture in the range of 10-20% wet basis, though specific optima vary with feedstock composition (Yu et al., 2021). Studies on wheat straw and timothy hay demonstrated that hydrothermal pretreatment at 135°C for 90 minutes substantially improved pellet durability and hardness, with canola straw hardness increasing from 2.21 to 4.67 newtons per square millimetre and durability improving from 83.42% to 95.41% (Yu et al., 2021).
Particle size distribution profoundly affects pelletisation behaviour and product quality. Finer particles generally enhance inter-particle contact and bonding, improving pellet density and durability, though excessively fine grinding increases preprocessing energy consumption. Conversely, coarser particles may create voids within pellets, reducing density and mechanical strength. Research on greenhouse melon residues demonstrated that particle size influenced bulk density, whilst pelletising moisture significantly affected moisture content, bulk density, single pellet density, and durability index (Yilmaz et al., 2021). The highest pellet production capacity of 103.86 kilograms per hour and the lowest specific energy consumption of 73.92 kilowatt-hours per tonne were achieved with 4 millimetre ground material at 15% moisture content.
The temperature and compression pressure interact with feedstock properties to determine pellet characteristics. Elevated temperatures enhance lignin plasticity and flow, promoting particle bonding, but excessive temperatures may cause thermal degradation of volatile components. Compression pressures must be sufficient to achieve adequate density and particle interlocking whilst avoiding excessive equipment stress and energy consumption. The die length-to-diameter ratio provides a design parameter that integrates these factors, with ratios of 5:1 to 8:1 commonly employed for agricultural residues (Tumuluru, 2018). Optimisation of these parameters requires consideration of specific feedstock properties and target pellet specifications.
5. Pretreatment Technologies for Enhanced Pellet Quality
5.1 Torrefaction
Torrefaction has emerged as a highly promising thermal pretreatment technology for upgrading agricultural residues prior to or following pelletisation. This mild pyrolysis process, conducted at temperatures of 200-300°C under inert or oxygen-limited atmospheres for residence times ranging from minutes to hours, fundamentally alters biomass characteristics in ways that enhance suitability for energy applications (Chen et al., 2015). During torrefaction, moisture is eliminated, hemicellulose is substantially degraded, and the lignocellulosic matrix undergoes structural modifications that improve grindability, hydrophobicity, and energy density. These transformations address several inherent limitations of raw agricultural biomass as a solid fuel.
Research on torrefaction of woody biomass pellets has demonstrated that increasing torrefaction severity reduces mass yields whilst considerably increasing heating values and fixed carbon content (Wang et al., 2020). The grindability of raw pellets was substantially improved after torrefaction treatment, with the energy required for grinding torrefied pellets being less than 50% of that needed for untreated pellets. This improved grindability facilitates utilisation in pulverised fuel combustion systems designed for coal, enabling direct substitution or co-firing applications. Studies comparing pelletisation before versus after torrefaction indicate that both process sequences have distinct advantages, with post-pelletisation torrefaction potentially offering better pellet integrity retention during storage and handling (Grycova et al., 2023).
Torrefied pellets exhibit substantially enhanced hydrophobicity compared to raw biomass pellets, a property of considerable practical significance for storage and logistics. Untreated pellets readily absorb atmospheric moisture, leading to swelling, disintegration, and increased susceptibility to biological degradation during storage. Studies have demonstrated that torrefied pellets retain their physical integrity even after prolonged immersion in water or exposure to freeze-thaw cycles, whereas untreated pellets rapidly disintegrate under similar conditions (Soelberg & Bi, 2021). The hydrophobic character derives from the elimination of hydroxyl groups and the formation of non-polar surface characteristics during torrefaction. This enhanced stability substantially reduces losses during storage and transportation, improving supply chain economics.
Investigations of agricultural residue torrefaction have yielded encouraging results. Research on wheat and barley straw has demonstrated that microwave-assisted torrefaction combined with biochar addition and high-density polyethylene binders can reduce moisture adsorption to uptake ratios of 0.10-0.25 compared to 1.0 for untreated biomass, substantially improving storage capability in humid environments (Agu et al., 2021). For combined torrefaction and pelletisation of agricultural residues, including oat hull, canola hull, and mustard meal, studies have demonstrated that pelletisation before torrefaction produces pellets with higher heating values reaching 27 megajoules per kilogram at 300°C, closely approaching lignite characteristics and representing potential coal substitutes (Hossain et al., 2022).
5.2 Hydrothermal Treatment
Hydrothermal treatment processes offer alternative pretreatment pathways particularly suited to high-moisture feedstocks. Unlike torrefaction, which requires dry biomass input, hydrothermal processes operate in aqueous environments, eliminating energy-intensive drying requirements for wet agricultural wastes. Hydrothermal carbonisation, conducted at temperatures of 180-260°C under autogenous pressure, converts biomass into hydrochar with enhanced fuel properties. However, such conditions represent relatively energy-intensive processes. Mild hydrothermal treatment at lower temperatures has been proposed as a more economical alternative that nonetheless achieves meaningful improvements in pellet quality (Yu et al., 2021).
Research investigating mild hydrothermal treatment at 135°C for 90 minutes applied to pine woodchip, wheat straw, timothy hay, and canola straw prior to pelletisation demonstrated significant improvements across multiple quality parameters. The mass density of pellets increased by 2.89%, 5.85%, 3.69%, and 9.21%, respectively for the four feedstocks, whilst volumetric energy density increased by 8.04%, 7.46%, 8.34%, and 12.59%, respectively (Yu et al., 2021). The treatment also elevated devolatilisation indices and decreased activation energies, indicating that volatile matter release during combustion was facilitated. These findings suggest that mild hydrothermal treatment represents a clean and economical method for improving agricultural pellet quality with potential applicability in industrial manufacturing.
5.3 Blending and Additive Strategies
Blending agricultural residues with complementary feedstocks or incorporating binding additives represents a widely employed strategy for overcoming individual feedstock limitations. Agricultural residues generally contain lower lignin concentrations than woody biomass, resulting in reduced natural binding capacity during pelletisation. Blending with lignin-rich materials or adding external binders can compensate for this deficiency, improving pellet durability and mechanical strength. Research on blending sugarcane leaves with bamboo at various ratios demonstrated that pellet properties could be optimised to meet international standards, with sugarcane-to-bamboo ratios above 3:2 producing pellets meeting ISO 17225-6:2021 specifications (Pitak et al., 2025).
Studies on pellets comprising spent coffee grounds and wood powder have demonstrated that feedstock blending ratios significantly influence fuel quality parameters (Park et al., 2021). Increasing the proportion of spent coffee grounds elevated calorific value owing to high carbon, hydrogen, and oil contents, whilst also increasing ash and sulphur contents. The smaller particle size of spent coffee grounds compared to pine sawdust reduced pellet durability at higher blending ratios, illustrating trade-offs between different quality attributes that must be optimised for specific applications. Similar considerations apply to blending agricultural residues with woody biomass, where adding 30-50% sawdust to straw has been shown to increase bulk density and mechanical strength whilst reducing ash content and increasing calorific value (Stolarski et al., 2025).
6. Pellet Quality Parameters and Standards
6.1 Physical and Mechanical Properties
Pellet quality assessment encompasses a comprehensive suite of physical, mechanical, and chemical parameters that collectively determine suitability for intended applications. Physical properties include pellet dimensions, moisture content, bulk density, and particle density, whilst mechanical properties encompass durability, hardness, and resistance to impact and abrasion. These properties directly influence handling characteristics, storage stability, and combustion behaviour. International standards, particularly the ISO 17225 series and the European ENplus certification scheme, establish specifications for different pellet quality classes.
Mechanical durability represents a critical quality parameter reflecting pellet resistance to mechanical stresses encountered during handling, transportation, and storage. High durability minimises fine particle generation, reducing dust emissions, fire risks, and material losses. Research on wood pellet samples utilised for power generation demonstrated that pellets with densities above 1,100 kilograms per cubic metre exhibited superior mechanical durability and strength, achieving maximum strengths of 0.6 to 0.8 kilonewtons with durability exceeding 99.4% (Oyelaran et al., 2024). Optimal moisture content, typically between 6 and 7%, was crucial for maximising density, bulk density, mechanical durability, and fracture resistance. Pellet dimensions also influence durability, with longer lengths exceeding 12 millimetres enhancing durability, whilst larger diameters exceeding 8 millimetres exhibited reduced durability.
Storage conditions significantly affect pellet quality degradation over time. Research examining storage effects on agricultural biomass pellets, including sunflower husks, wheat straw, and hemp hurds under varying temperature and humidity conditions, revealed that agricultural pellets exhibit higher degradability compared to woody biomass (Jezerska et al., 2024). Pellets degraded less at varying temperatures than at high humidity conditions of 90% relative humidity. After complete moisture saturation, durability decreased for agricultural pellets by an average of 9%, whilst strength-by-dropping indices decreased by 20% after exposure to high temperature and humidity conditions and 15% under varying temperature conditions. These findings highlight the importance of appropriate storage facilities for maintaining pellet quality.
6.2 Combustion Properties and Energy Content
The energy content of agricultural waste pellets, quantified through higher heating value or gross calorific value, determines the quantity of fuel required for a given energy output and thus directly influences economic competitiveness. Agricultural residue pellets typically exhibit higher heating values in the range of 14-18 megajoules per kilogram, somewhat lower than premium wood pellets at 18-20 megajoules per kilogram but substantially exceeding typical coal values when adjusted for moisture content (Pradhan et al., 2018). Research on pellets from Movingui sawdust, corn spathes, and coconut shells demonstrated that blended formulations achieved higher heating values of 24,985 kilojoules per kilogram with a fixed carbon content of 25.52%, approaching coal characteristics (Ndong Mba et al., 2024).
Ash content and composition represent important considerations for combustion system design and operation. Agricultural residues generally contain higher ash contents than woody biomass, with cereal straws exhibiting ash contents of 5-15% compared to 0.5-2% for clean wood. The composition of ash, particularly concentrations of alkali metals, silica, chlorine, and sulphur, influences slagging, fouling, and corrosion tendencies in combustion equipment. Research on greenhouse melon residue pellets found ash content of 20.73% and relatively low calorific value of 11.92 megajoules per kilogram, suggesting that whilst pelletisation was technically feasible, the high ash content might preclude use in domestic heating systems (Yilmaz et al., 2021). Blending with lower-ash materials or implementing ash-reduction pretreatments may address such limitations.
7. Environmental Assessment and Life Cycle Considerations
7.1 Life Cycle Assessment of Biomass Pellets
Life cycle assessment provides a comprehensive framework for evaluating the environmental implications of biomass pellet production and utilisation across all stages from feedstock acquisition through end-of-life. A systematic review of 84 published life cycle assessment studies on biomass pellets revealed wide variation in methodological approaches and results, though most studies confirmed net environmental benefits compared to fossil fuel alternatives (Martín-Gamboa et al., 2020). The methodological choices varied substantially between studies with respect to approach, functional unit, system boundaries, allocation procedures, biogenic carbon modelling, inclusion of greenhouse gases other than carbon dioxide, and impact assessment methods, contributing to result variability.
Greenhouse gas emission reductions represent a primary motivation for biomass pellet utilisation, though the magnitude of benefits depends significantly on supply chain configurations and methodological assumptions. Research examining wood pellet combustion for electricity generation demonstrated that in best-case scenarios, greenhouse gas reductions of 83% compared to coal-fired generation were achievable (Röder et al., 2015). However, when parameters such as different drying fuels, storage emissions, dry matter losses, and feedstock market changes were incorporated, emission profiles showed strong variation with up to 73% higher greenhouse gas emissions compared to coal in worst-case scenarios. The impact of methane emissions during storage proved particularly significant regarding uncertainty and emission increases.
Studies comparing different wood pellet supply chains found that excluding biogenic carbon dioxide emissions, pellets from whole trees from forest thinning operations exhibited the lowest global warming potential at 14.9 grams carbon dioxide equivalent per megajoule, followed by logging residues at 17.9 grams, roundwood logs at 25.4 grams, and sawmill sawdust at 27.6 grams (Pergola et al., 2020). The preparation stage, encompassing drying and milling processes, contributed the major proportion of emissions across all scenarios. Including biogenic carbon dioxide increased absolute values substantially but maintained similar relative rankings. These findings underscore the importance of optimising processing energy consumption for minimising overall environmental footprints.
Life cycle assessment of agricultural residue-derived pellets requires careful consideration of allocation procedures for shared agricultural processes and competing uses. Research on biomass pellets from cedar sawdust, pine sawdust, wheat straw, and corn cobs in Pakistan identified multiple environmental impact categories, including acidification, eutrophication, human toxicity, and global warming potential (Rashedi et al., 2022). The results indicated that wheat straw pellets contributed the most to most impact categories, whilst pine pellets demonstrated the lowest environmental burdens. Global warming potential ranged from approximately 0.8 kilograms of carbon dioxide equivalent per kilogram of pellets, substantially lower than fossil fuel alternatives on an energy-delivered basis.
7.2 Comparison with Fossil Fuel Alternatives
Comparative assessment of biomass pellets against fossil fuel alternatives consistently demonstrates environmental advantages for well-managed bioenergy systems. Regionalised life cycle analysis of forest biomass electricity generation in the United States demonstrated that forest biomass-derived electricity is associated with 86-93% lower life cycle greenhouse gas emissions than emissions from average grid electricity (Daystar et al., 2022). Mill residues-based pathways achieved 15-52% lower emissions than pulpwood-based pathways, with logging residues falling between. However, the analysis also highlighted that screening bioenergy projects on specific feedstock types alone is insufficient because emissions from a pulpwood-based pathway in one state can be lower than those from a mill residue pathway in another.
Research comparing wood pellet combustion with diesel for heat generation in remote Canadian communities found that wood pellets exhibited superior performance across multiple impact categories (Ahmadi et al., 2023). Harvesting, transportation, sawmill operation, pelletisation, and combustion stages were assessed across eight environmental indicators including global warming, ozone depletion, human toxicity, and fossil fuel depletion. The pelletisation and combustion stages contributed most significantly to overall environmental impacts, though pellet combustion nonetheless outperformed diesel particularly regarding non-carcinogenic effects and fossil fuel depletion. These findings support the potential for biomass pellets to provide sustainable energy solutions in off-grid and remote applications.
8. Co-firing Applications in Thermal Power Generation
8.1 Technical Aspects of Biomass Co-firing
Co-firing of biomass pellets with coal in existing thermal power plants represents a pragmatic near-term strategy for reducing greenhouse gas emissions whilst leveraging established infrastructure. This approach enables incremental displacement of fossil fuels without requiring construction of dedicated biomass power facilities, thereby minimising capital investment requirements and implementation timelines. Co-firing can be implemented through several configurations, including direct co-firing where biomass and coal are processed together through existing fuel handling and combustion systems, indirect co-firing involving separate biomass gasification with syngas injection, and parallel co-firing with dedicated biomass boilers supplying steam to existing turbine systems (Basu et al., 2011).
The technical feasibility of co-firing depends substantially on biomass feedstock properties and their compatibility with existing equipment. Torrefied pellets offer particular advantages for co-firing applications because their physical and chemical properties more closely resemble coal characteristics, enabling higher substitution ratios with minimal equipment modifications. Research has demonstrated that properly torrefied biomass pellets can be pulverised using existing coal mills, conveyed through existing fuel handling systems, and combusted through existing burners with acceptable flame characteristics and burnout (Wang et al., 2020). However, differences in ash composition, particularly higher potassium and chlorine concentrations in agricultural residues, may necessitate attention to slagging, fouling, and corrosion management.
8.2 Emission Reduction Potential
The emission reduction potential of biomass co-firing depends on the substitution ratio, biomass characteristics, and baseline coal properties. Techno-economic evaluation of coal-biomass co-firing using the levelised cost of electricity model found that indirect co-firing increased generation costs by approximately 8% compared to pure coal-fired units, with costs rising by 10.7% at 15% biomass and 19.1% at 20% biomass substitution (Li et al., 2020). However, when rice husks replaced more expensive wood chips, the levelised cost decreased by 6.06%, highlighting the potential for agricultural residues to offer economically competitive co-firing options. These economic considerations must be balanced against emission reduction objectives and evolving carbon pricing mechanisms.
Analysis of biomass co-firing viability in Indonesia demonstrated that incorporating existing biomass waste into coal plants reduces carbon emissions, though feedstock supply constraints limit abatement potential, particularly in eastern provinces with growing coal capacity (Sulaeman & Burke, 2024). The study found that meeting co-firing demand was feasible only at low substitution ratios without additional land conversion, highlighting the importance of considering biomass availability constraints in policy formulation. Similar considerations apply to India's co-firing mandate, where achieving the required 5-7% biomass substitution across the thermal power fleet will necessitate substantial scaling of pellet production and supply chain infrastructure.
Research examining China's coal power transition pathways found that biomass co-firing, combined with other mitigation technologies including flexibility operation and carbon capture and storage, offers cost-effective emission reduction opportunities (Wang et al., 2025). The study determined that optimising transition pathways could potentially save over 700 billion United States dollars for achieving the same emission reduction target, or increase cumulative emission reductions from 30% to 50% at no additional cost. These findings underscore the value of integrated planning approaches that consider multiple technology options and plant-level decision-making processes in designing national decarbonisation strategies.
9. Economic Considerations and Policy Frameworks
9.1 Production Economics and Value Chains
The economic viability of agricultural waste pellet production depends on a complex interplay of feedstock costs, processing expenses, logistics, and market pricing. Unlike commercial wood pellet operations that can negotiate stable feedstock supplies from sawmills and forestry operations, agricultural residue pelletisation faces challenges associated with seasonal availability, dispersed production, and competition with alternative uses. The development of efficient collection, storage, and supply chain systems represents a critical success factor for commercial viability. Research in India has estimated the overall potential market size of agricultural residue-based pellets to exceed 40,000 crore rupees, indicating a substantial economic opportunity if supply chain challenges can be addressed (Mohanty & Kumar, 2024).
Life cycle economic assessment of wood pellet production has identified the drying process as accounting for 35-39% of total energy consumption, with the heat source significantly influencing both primary energy demand and production costs (Tanaka et al., 2025). Systems employing wood-fired boilers or combined heat and power systems for drying achieve reductions in primary energy demand by 12-26% and carbon dioxide emissions by 14-31% compared to conventional grid-supplied drying processes, simultaneously improving economic performance. For agricultural residues with variable moisture contents, similar optimisation of drying operations offers potential for enhancing economic competitiveness.
9.2 Policy Support Mechanisms
Supportive policy frameworks play essential roles in enabling agricultural waste pellet market development. The European Union's Renewable Energy Directive and associated national implementation measures have driven substantial biomass pellet adoption, with strong policy frameworks promoting decarbonisation coupled with financial incentives and carbon pricing mechanisms fostering utilisation. Similarly, India's Ministry of New and Renewable Energy has increased financial assistance under the National Bioenergy Programme for biomass pellet manufacturing, with non-torrefied pellet plants receiving 21 lakh rupees per metric tonne per hour capacity and torrefied plants receiving 42 lakh rupees per metric tonne per hour capacity (Straits Research, 2025). Such incentives encourage production, particularly in regions with abundant agricultural residues.
China's recent policy developments illustrate the evolving regulatory landscape for biomass co-firing. The Action Plan for the Low-Carbon Transformation of Coal Power (2024-2027) emphasises low-carbon transformation requirements whilst also affecting the bioenergy sector. Whilst the primary objective targets carbon emission reductions from fossil fuels, the implemented measures create both opportunities and challenges for biomass pellet producers. The policy could strain local biomass supplies whilst simultaneously boosting the bioenergy sector through government support, promoting a transition towards sustainable energy futures (Wang et al., 2025). Careful policy design that considers biomass supply constraints, competing uses, and infrastructure requirements is essential for achieving intended outcomes.
10. Challenges and Future Research Directions
10.1 Technical and Operational Challenges
Despite significant advances, several technical challenges continue to constrain widespread adoption of agricultural waste pelletisation. Feedstock heterogeneity represents a persistent issue, as agricultural residues exhibit substantial variability in physical properties, chemical composition, and moisture content both within and between crop types, seasons, and geographic regions. This variability complicates process optimisation and quality assurance, potentially resulting in inconsistent pellet characteristics. Development of adaptive process control systems capable of responding to feedstock variations represents an important research priority. Additionally, the relatively low lignin content of many agricultural residues compared to woody biomass necessitates careful attention to pellet durability and may require binding additives or pretreatment steps that increase complexity and cost.
The higher ash content and problematic ash composition of agricultural residues create combustion-related challenges. Elevated concentrations of alkali metals, particularly potassium and sodium, combined with silica and chlorine, contribute to slagging and fouling tendencies that can reduce heat transfer efficiency and necessitate more frequent cleaning interventions. Chlorine-induced corrosion represents a particular concern for boiler tube materials at elevated temperatures. Whilst pretreatment technologies such as water leaching can reduce problematic elements, such processing adds cost and complexity. Research into ash behaviour prediction, combustion system design modifications, and additive strategies to mitigate ash-related problems continues to address these limitations.
10.2 Supply Chain and Logistics
The seasonal and geographically dispersed nature of agricultural residue production creates substantial supply chain challenges. Unlike forestry operations that can maintain relatively consistent year-round feedstock flows, crop residues become available during relatively narrow harvest windows, necessitating either substantial storage capacity or acceptance of seasonal production patterns. Sensitivity analysis has revealed that transportation distance significantly impacts the sustainability performance of pellet production, with the energy sustainability index for pellet production decreasing from 21.15 to 14.02 as transport distance increases from 20 to 100 kilometres (Zhu et al., 2025). Optimising logistics through decentralised processing facilities, improved storage technologies, and coordinated multi-crop sourcing strategies represents an important focus for enhancing viability.
The development of decentralised processing models involving Farmer-Producer Organisations and agricultural cooperatives offers potential for addressing collection and aggregation challenges. Such models can reduce transportation distances by locating pelletisation facilities closer to residue sources whilst creating economic opportunities for rural communities. Research questions regarding optimal scale, technology configurations, and business models for decentralised pellet production remain to be comprehensively addressed. Understanding how much sustainable biomass can be supplied from agricultural ecosystems whilst considering complex interactions between availability and competing human needs represents a fundamental knowledge gap requiring interdisciplinary research approaches.
10.3 Future Research Priorities
Several priority areas warrant intensified research attention to advance agricultural waste pelletisation. First, systematic characterisation of diverse agricultural residues across regions and seasons would establish comprehensive databases supporting process design and quality prediction. Second, development and validation of advanced pretreatment technologies that enhance pellet properties whilst minimising energy consumption and cost merit continued investigation, with particular attention to process intensification and integration opportunities. Third, long-term studies examining pellet storage behaviour under realistic conditions would inform infrastructure requirements and quality management strategies. Fourth, comprehensive techno-economic analyses incorporating regional specificities, market dynamics, and policy scenarios would support investment decisions and policy formulation.
Additionally, research examining the integration of agricultural waste pellet production within broader circular bioeconomy frameworks would illuminate synergies with other value streams and waste management objectives. The potential for cascading use strategies, wherein residues are first utilised for higher-value applications before energy recovery, deserves systematic evaluation. Furthermore, social dimensions including employment creation, rural development impacts, and community acceptance require attention alongside technical and economic considerations. Addressing these research priorities through coordinated interdisciplinary efforts would substantially advance the contribution of agricultural waste pelletisation to sustainable energy systems.
11. Conclusions
Agricultural waste represents a substantial and globally distributed resource with significant potential for contributing to fossil fuel displacement through energy pellet production. This review has synthesised current knowledge regarding feedstock characteristics, pelletisation technologies, pretreatment methods, quality parameters, environmental implications, and techno-economic considerations relevant to advancing this field. The evidence demonstrates that appropriately processed agricultural residues can yield pellets meeting established quality standards for diverse energy applications, including residential heating, industrial process heat, and power generation through dedicated combustion or co-firing with coal.
The technical foundations of agricultural waste pelletisation are well established, with extensive research elucidating the influence of feedstock properties, moisture content, particle size, and processing parameters on pellet quality attributes. Advanced pretreatment technologies, particularly torrefaction and mild hydrothermal treatment, offer effective pathways for enhancing pellet characteristics, improving combustion performance, and enabling higher substitution ratios in co-firing applications. Life cycle assessment studies consistently indicate that well-designed agricultural waste pellet systems achieve substantial greenhouse gas emission reductions compared to fossil fuel alternatives, though the magnitude of benefits depends critically on supply chain configurations, processing energy sources, and system boundary definitions.
Co-firing of biomass pellets in existing thermal power plants provides a pragmatic near-term decarbonisation pathway that leverages established infrastructure whilst building experience and supply chains for more ambitious future applications. Policy support mechanisms, including financial incentives, renewable energy mandates, and carbon pricing, play essential roles in enabling market development and overcoming initial economic barriers. However, realising the full potential of agricultural waste pelletisation requires addressing persistent challenges related to feedstock heterogeneity, seasonal availability, supply chain logistics, and ash-related combustion issues.
The transition towards sustainable energy systems necessitates mobilising diverse renewable resources, and agricultural waste pelletisation represents a valuable contributor to this portfolio. By converting underutilised residues into standardised, high-energy-density fuels, pelletisation simultaneously addresses waste management challenges, creates rural economic opportunities, and reduces dependence on fossil fuels. Continued research and development, supportive policy frameworks, and investment in supply chain infrastructure will be essential for scaling agricultural waste pelletisation to meaningful contributions within global decarbonisation efforts.
12. Limitations
This review is subject to several limitations that should be acknowledged when interpreting findings and conclusions. First, as a narrative rather than systematic review, the literature selection process, whilst comprehensive, may not have captured all relevant publications, and subjective judgements influenced the emphasis given to different topics and findings. A systematic review with rigorous protocol would provide more reproducible methodology, though the interdisciplinary scope of this topic creates challenges for such approaches.
Second, the geographic coverage of available literature exhibits substantial bias towards certain regions, particularly Europe, North America, and parts of Asia, potentially limiting the generalisability of findings to other contexts. Agricultural systems, residue characteristics, infrastructure availability, and market conditions vary substantially across regions, and research conducted in one context may not directly apply elsewhere. Third, publication bias may influence the available evidence base, as studies reporting positive outcomes for pelletisation may be more likely to achieve publication than those reporting negative or inconclusive results.
Fourth, the rapidly evolving nature of bioenergy technologies and markets means that some findings may become outdated as new developments emerge. Policy landscapes, in particular, are subject to rapid change, and the specific incentive programmes and regulations discussed may have evolved since original publication. Fifth, the review primarily addresses technical and environmental dimensions, with relatively limited treatment of social, governance, and institutional factors that may be equally important for practical implementation. Understanding community perspectives, governance arrangements, and institutional capacities would complement the technical focus of this review.
Finally, quantitative synthesis through meta-analysis was precluded by heterogeneity in methodologies, outcome measures, and reporting standards across studies. Consequently, statements regarding typical parameter values, emission reductions, or economic performance should be interpreted as indicative rather than definitive, with actual outcomes depending substantially on specific local conditions and implementation approaches. Despite these limitations, this review provides a comprehensive synthesis of current knowledge that can inform research directions, policy deliberations, and practical implementation efforts in agricultural waste pelletisation.
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